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Controlled  ceramic  processing  is  required  to  produce  ceramic  parts  with  few 
strength-limiting  defects  and  the  economic  forming  of  near  net  shape  components. 
Temperature  induced  forming  (TIF)  is  a novel  ceramic  forming  process  that  uses 
colloidal  processing  to  form  ceramic  green  bodies  by  physical  gelation.  The  dissertation 
research  shows  that  TIF  alumina  suspensions  (>40vol%)  can  be  successfully  fabricated 
by  using  0.4wt%  of  ammonium  citrate  powder  and  <0.1  wt%  poly  (acrylic  acid)  (PAA). 

It  is  found  that  increasing  the  volume  fraction  of  alumina  or  the  molecular  weight  of 
polymer  will  increase  the  shear  viscosity  and  shear  modulus.  Larger  molecular  weight 
PAA  tends  to  decrease  the  volume  fraction  gelation  threshold  of  the  alumina  suspensions. 
The  author  is  the  first  in  this  field  to  utilize  the  continuous  percolation  theory  to  interpret 
the  evolution  of  the  storage  modulus  with  temperature  for  the  TIF  alumina  suspensions. 

A model  that  relates  the  storage  modulus  with  temperature  and  the  volume  fraction  of 
solids  is  proposed.  Calculated  results  using  this  percolation  model  show  that  the  storage 
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modulus  of  the  suspensions  can  be  affected  by  the  volume  fraction  of  solids,  temperature, 
volume  fraction  gelation  threshold  and  the  percolation  nature.  The  parameters  in  this 
model  have  been  derived  from  the  experimental  data.  The  calculated  results  fit  the 
measured  data  well.  For  the  PAA-free  TIF  alumina  suspensions,  it  is  found  that  the 
ionization  reaction  of  the  magnesium  citrate,  which  is  induced  by  the  pH  or  temperature 
of  the  suspensions,  controls  the  flocculation  of  the  suspensions.  The  percolation  theory 
model  was  successfully  applied  to  this  type  of  suspension.  Compared  with  the  PAA 
addition  TIF  suspensions,  these  suspensions  reflect  a higher  degree  of  percolation  nature, 
as  indicated  by  a larger  value  of  percolation  exponent.  These  results  show  that  the 
percolation  model  proposed  in  this  dissertation  can  be  used  to  predict  the  gelation  degree 
of  the  TIF  suspensions.  Complex-shape  engineering  ceramic  parts  have  been  successfully 
fabricated  by  direct  casting  using  the  TIF  alumina  suspensions,  which  has  a relative 
density  of  - 65%.  The  sintered  sample  at  1550  °C  for  2h  is  translucent  and  has  a uniform 
grain  size. 
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CHAPTER  1 
INTRODUCTION 

1 . 1 Overview  of  Ceramic  Forming  Strategy 

Ceramic  processing  has  been  one  of  the  heavily  studied  topics  since  the 
emergence  of  human  beings.  Ceramic  materials  are  also  very  appealing  for  high- 
performance  applications  due  to  their  temperature  and  corrosion  resistance,  low  density, 
high  stiffness,  hardness  and  strength.  However,  prediction  and  control  of  the  strength  of 
ceramic  materials  is  insufficiently  reliable  for  many  potential  applications.  In  many 
materials,  stress  concentrates  at  microstructural  defects.  Ceramic  materials  are  brittle, 
and  stress  is  not  relieved  by  local  deformation  near  the  crack  tip,  as  is  the  case  in  metals 
and  plastics.  The  work  of  fracture  is  low,  so  cracks  easily  propagate.  Strength-limiting 
defects  often  arise  during  fabrication  of  parts  and  persist  through  other  processing  steps, 
so  performance  of  the  part  may  be  limited  by  the  earliest  stages  of  processing.  For 
specimens  prepared  by  powder  compaction,  defects  can  arise  that  are  related  to  the 
granulated  feed  material.  Compaction  is  a widely  used  fabrication  process  for  ceramics. 
Feed  material  for  compaction  processes  is  commonly  in  the  form  of  granules,  which  are 
free-flowing  powder  agglomerates  with  controlled  properties  and  may  contain  organic 
additives.  Key  advantages  of  compaction  are  that  ceramic  parts  can  be  made  quickly,  the 
process  is  easily  automated,  and  the  parts  need  no  drying  step  after  forming.  A major 
disadvantage  is  that  the  process  is  prone  to  internal  defects,  which  can  limit  the  strength 
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of  the  final  part.  A compaction  stress  needs  to  be  uniformly  transmitted  through  a 
volume  of  granules  in  such  a way  that  all  evidence  of  the  granules  is  eliminated. 

Comparatively,  the  reliability  of  ceramics  can  be  greatly  increased  by  dispersing 
the  powder  in  a liquid  and  filtering  the  suspension  to  eliminate  strength-degrading 
heterogeneities  prior  to  forming  engineering  shapes.  To  implement  this  colloidal 
processing  method,  forming  techniques  must  be  developed  that  not  only  are  compatible 
with  removing  flaws  from  the  suspension  by  filtration,  but  also  allow  economic  forming 
of  near  net  shape  components  [1-2]. 

Up  to  now,  the  commercialization  of  advanced  ceramic  components  is  still 
hindered  by  expensive  production  processes;  especially,  the  final  machining  and 
inspection  are  currently  the  major  cost  factors  for  complex-shape  ceramic  products. 
Powder  cost  is  still  a relatively  small  part  of  the  cost,  regardless  of  the  size  of  the 
component.  Reducing  machining  costs,  eliminating  or  reducing  inspection  requirements, 
and  yield  improvements  are  most  important  for  cost  reduction.  The  part  also  requires 
excellent  finishes  and  demanding  dimensional  control.  Therefore,  the  ideal  flexible 
manufacturing  process  for  ceramics  would  require  only  such  information  as  the 
dimensions,  surface  finish,  and  microstructure  of  the  component  while  imposing  no 
process  constraints  on  the  component  design.  Unfortunately,  no  such  “smart”  processes 
currently  exist  in  practice  [3-6], 

In  the  future,  forming  technology  will  no  doubt  capitalize  on  the  modem 
computer-aided-design  (CAD)  environment  to  fabricate  real  objects  of  complex  shape. 
Software  has  already  been  developed  to  provide  a link  between  solid  models  and 
numerical  control  (NC)  machine  centers.  More  recently,  processes  that  build  complex 
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shapes  in  layers  are  becoming  available.  One  of  the  most  important  tools  of  an  agile 
manufacturing  organization  is  rapid  prototyping  (RP)  [7-13],  RP  refers  to  the  production 
of  a part  directly  from  a computer  file  generated  with  a computer-aided  design  (CAD) 
program.  While  RP  is  sometimes  considered  to  include  computer  numerical  control 
(CNC)  machining,  in  most  cases  it  refers  to  building  up  a part  from  a stack  of  thin  layers, 
each  of  which  is  patterned  from  the  computer  generated  3-D  model  of  the  part.  This 
process  is  also  called  "solid  freeform  fabrication"  (SFF).  Various  SFF  techniques  have 
been  reported,  such  as  laminated  object  manufacturing  (LOM™)  [14-18],  three 
dimensional  printing  (3DP™)  [19-21],  Sanders  prototype  (SP™)  [22],  robocasting  [23- 
26],  stereolithography  (SL™)  [27,28],  direct  photoshaping  [29,30],  fused  deposition 
modeling  (FDM™)  [31-35],  selective  laser  sintering  (SLS™)  [36-38],  shape  deposition 
manufacturing  (SDM™)  [39-50]  and  jet  printing  [51,52],  Stereolithography,  for  example, 
constructs  successive  layers  by  writing  on  the  surface  of  a bath  containing  UV-curable 
resin.  The  trajectory  the  laser  takes  on  the  surface  is  determined  by  a computer,  which 
mathematically  slices  a model  of  the  object.  Sequential  layers  are  built  on  top  on  one 
another  to  construct  the  component.  Alternatively,  powder  processes  such  as  selective 
laser  sintering  and  three-dimensional  printing  function  in  a similar  way  but  seem  to  be 
more  applicable  to  ceramics. 

1.2  Objective 

The  objectives  of  this  research  are  as  follows: 

(1)  Characterize  the  temperature  induced  forming  (TIF)  alumina  suspensions  with  poly 
(acrylic  acid)  (PAA)  addition  and  investigate  the  effect  of  the  composition  and 
temperature  on  the  viscoelastic  properties; 
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(2)  Study  the  feasibility  of  eliminating  PAA  so  as  to  decrease  the  room  temperature 
shear  viscosity  while  keeping  higher  volume  fraction  of  solids  in  the  suspension  for 
further  solid  freeform  fabrication  (SFF)  processing; 

(3)  Build  a theoretical  model  to  describe  the  microstructure  evolution  of  the  TIF 
suspensions,  and  use  the  model  to  predict  the  gelation  condition  of  the  suspension 
with  changes  in  volume  fraction  of  solids  and  temperature; 

(4)  Use  TIF  alumina  suspensions  in  direct  casting  to  fabricate  complex  shape  ceramic 
parts  for  future  industrial  application. 

In  this  dissertation.  Chapter  2 reviews  the  literature  of  the  stability  and 
flocculation  of  ceramic  suspensions.  A brief  description  and  comparison  will  be  given  of 
the  up-to-date  ceramic  shape  forming  techniques  through  colloidal  processing.  Chapter  3 
presents  how  the  suspension  compositions  affect  the  rheological  properties,  especially  the 
viscosity,  of  the  suspensions.  Gelation  diagrams  are  also  given  to  determine  the  minimum 
amount  of  poly  (acrylic  acid)  to  make  the  suspensions  gel.  Chapter  4 emphasizes  the 
variation  of  the  shear  modulus  of  the  suspensions  with  composition  and  thermal  history. 
Chapter  5 gives  the  proposed  percolation  theory  model  for  the  TIF  suspensions  to 
interpret  the  evolution  of  the  shear  viscosity  and  shear  modulus  with  compositions  and 
temperature  for  the  TIF  alumina  suspension  with  PAA  addition.  The  computed  results 
based  on  this  model  are  compared  with  the  experiment  data.  Chapter  6 gives  the  research 
results  on  the  PAA-free  TIF  suspensions  in  order  to  increase  the  volume  fraction  of  the 
suspension  while  keeping  a relatively  low  viscosity  for  a direct  casting  process.  DLVO 
(Deryagin-Landau-Verwey-Overbeek)  theory  is  considered  to  design  the  compositions  of 
the  suspensions  and  the  explanation  using  the  percolation  theory  model  proposed  in 
Chapter  V is  discussed.  Chapter  7 demonstrates  the  direct  casting  results  using  the  TIF 
suspensions.  Chapter  8 is  the  summary  of  this  dissertation  and  the  future  work  is 
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suggested.  The  Appendix  part  covers  the  raw  materials  characterization,  suspension 
preparation  process  and  the  characterization  facilities. 


CHAPTER  2 

LITERATURE  REVIEW  ON  CERAMIC  FORMING  TECHNIQUES  THROUGH 

COLLOIDAL  PROCESSING 

2. 1 General  Concepts  of  Ceramic  Colloidal  Processing 

Colloidal  processing  methods  to  fabricate  ceramic  parts  normally  consist  of  the 
following  steps:  (1)  the  development  of  a long-range  repulsive  potential  to  disperse  the 
sub-micrometer  size  powder  in  a suitable  liquid.  (2)  The  removal  of  heterogeneities  by 
filtering  the  dispersed  slurry.  (3)  Changing  the  interparticle  potentials  to  produce  a 
weakly  attractive  particle  network.  (4)  The  consolidation  of  the  particles  within  the 
slurry  to  form  engineering  shape.  Removing  heterogeneities  via  filtration  requires  a low- 
viscosity  slurry  containing  a high  volume  fraction  of  solids,  which  can  only  be  achieved 
with  long-range  repulsive  potentials.  Once  detrimental  heterogeneities  are  removed,  the 
long-range  repulsive  potential  should  be  replaced  with  a short-range  repulsive  potential  in 
order  to  develop  a weakly  attractive  particle  network.  With  the  weakly  attractive 
network,  mass  segregation  due  to  sedimentation  is  avoided  in  the  slurry  state,  particles 
can  be  packed  to  high  relative  density  during  consolidation,  and  the  consolidated  body 
can  be  plastic.  The  plastic  behavior  is  desired  to  avoid  damage  during  strain  recovery 
after  consolidation  and  it  allows  new  shape-forming  technologies  to  be  used  for  advanced 
ceramics,  which  are  commonly  used  in  traditional  clay  technologies.  Thus  to  fully 
implement  colloidal  powder  processing,  a processor  must  first  disperse  a specific  powder 
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to  remove  heterogeneity  via  filtration,  and  then  make  it  weakly  attractive  for  further 
processing. 

2,2  Stabilization  and  Flocculation  of  the  Ceramic  Suspension 

A stable  suspension  is  always  the  first  step  to  consider  when  studying  the 
colloidal  processing  of  a certain  ceramic  system.  The  suspension  can  be  stabilized  via 
three  types  of  mechanisms:  the  electric  double  layer  stabilization,  steric  stabilization  and 
the  electrosteric  stabilization  [1,  53-56],  One  common  method  for  dispersing  ceramic 
particles  is  well  described  by  DLVO  theory.  The  surface  of  a particle  containing  neutral 
hydroxide  sites  can  be  charged  by  reactions  of  the  neutral  sites  with  either  H+  or  OH'  to 
produce  either  positive  or  negative  sites,  respectively.  DLVO  theory  proposes  that  an 
atmospheric  layer  of  counterions  (ions  with  an  opposite  charge  relative  to  the  dominant 
surface  sites)  surrounds  and  neutralizes  each  particle.  An  osmotic  pressure  (i.e.,  repulsive 
potential)  arises  when  the  layer  of  counterions  around  one  particle  penetrates  another 
particle’s  counterion-layer  to  increase  the  concentration  of  counterions  between  them. 
Furthermore,  DLVO  proposes  that  the  thickness  of  the  counterion  layer,  and  thus  the 
separation  distance  where  particles  strongly  repel  one  another,  is  inversely  proportional  to 
the  concentration  of  counterions  in  solution.  Where  the  counterion  concentration  is 
small,  the  repulsive  potential  extends  to  a larger  separation  and  overwhelms  the 
pervasive,  attractive  van  der  Waals  potential.  Under  these  conditions  the  particles 
strongly  repel  one  another,  and  thus  they  are  dispersed  within  the  slurry.  DLVO  tells  that 
the  inter-particle  force  will  become  attractive  either  at  high  concentration  of  counterions. 
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where  the  layer  of  counterions  is  very  thin,  or  near  the  isoelectric  point  where  the  number 
density  of  charged  surface  sites  is  small. 

Destabilization  of  the  stable  suspension  can  be  achieved  by  the  following  routes. 

( 1 ) increasing  the  ionic  strength  in  the  suspensions  to  produce  a weakly  attractive 
network.  (2)  Adjusting  the  pH  of  the  suspensions  toward  the  IEP  so  that  the  net  powder 
surface  charge  is  neutral  and  Van  der  Waals  attractive  force  dominates.  (3)  Removal  of 
part  of  the  solvent  so  that  the  volume  fraction  of  powders  is  increased  and  the  net 
potential  falls  into  the  primary  minimum  [56], 

2.3  Viscoelastic  Properties  of  Ceramic  Suspensions 

2.3. 1 Variation  of  Shear  Viscosity  with  Volume  Fraction  of  Solids 

The  colloidal  processing  for  the  forming  of  ceramic  green  bodies  generally 

requires  that  the  ceramic  suspensions  fulfill  two  criteria,  maximum  possible  volume 
fraction  of  particles  and  minimum  possible  viscosity  at  low  shear  rate.  These  two  criteria 
seem  contradictory  because  the  suspension  viscosity  increases  with  volume  fraction  of 
particles,  as  can  be  described  by  the  Dougherty-Krieger  equation  [57],  This  equation  has 
been  used  widely  and  successfully  for  different  materials  systems  to  model  the 
correlation  between  the  relative  viscosity  and  volume  fraction  of  solids  in  the 
suspensions.  Since  Dougherty-Krieger  model  is  based  on  hard  sphere  interactions,  the 
viscosity  values  at  higher  shear  rate  are  normally  taken  for  calculations.  This  is  due  to 
the  dominating  effect  of  hydrodynamic  force  on  the  suspension  viscosity  at  high  shear 
rate.  Excessive  amount  of  organic  dispersant  and  binder  might  also  increase  the  shear 
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viscosity,  which  is  a result  of  the  resistance  of  the  organic  polymer  chains  to 
conformational  changes  induced  by  the  shear  force. 

2.3,2  Elastic  Response  of  Ceramic  Suspension 

The  word  “viscoelastic”  means  the  simultaneous  existence  of  viscous  and  elastic 

properties  in  a material.  At  intermediate  time-scales  a mixed  (viscoelastic)  response  is 
observed.  For  many  years,  much  labor  has  been  expended  in  the  determination  of  the 
linear  viscoelastic  response  of  materials.  There  are  many  reasons  for  this.  First  there  is 
the  possibility  of  elucidating  the  molecular  structure  of  materials  from  their  linear- 
viscoelastic  response.  Secondly,  the  material  parameters  and  functions  measured  in  the 
relevant  experiments  sometimes  prove  to  be  useful  in  the  quality-control  of  industrial 
products.  Thirdly,  a background  in  linear  viscoelasticity  is  helpful  before  proceeding  to 
the  much  more  difficult  subject  of  non-linear  viscoelasticity  [58], 

Two  types  of  rheological  properties,  the  shear  modulus  and  the  yield  stress,  can 
be  taken  to  characterize  the  strength  of  an  attractive  particle  network  at  a given  volume 
fraction  of  particles  by  using  a sophisticated  rheometer.  In  one  method,  the  shear  stress 
and  shear  viscosity  can  be  calculated  from  the  measured  torque  value  when  the 
suspension  is  rotated  in  one  direction  at  a fixed  strain  rate.  With  this  method,  an  apparent 
elastic  response  is  observed  first  (linear  stress-strain  response),  followed  by  a nonlinear 
“yielding  phenomenon”  prior  to  flow  (increasing  strain  at  constant  stress).  The  slope  of 
the  initial  linear  region  (shear  modulus,  G’)  is  independent  of  the  applied  strain,  but  the 
stress  where  the  deviation  from  linear  behavior  is  observed  (“yield  stress”)  is  a function 
of  the  applied  shear  rate. 
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In  the  second  method,  a sinusoidal  oscillation,  at  a fixed  amplitude  and  frequency, 

is  applied  to  the  tool,  to  measure  the  shear  modulus  within  linear  viscoelastic  range.  A 

* 

given  attractive  network  will  exhibit  a fixed  value  of  the  shear  modulus  (G’)  for 
conditions  where  the  strain  amplitude  is  small  and  the  frequency  is  high.  A decrease  in 
G’  will  occur  at  a “yield  strain.’’  At  rest,  the  attractive  particle  network  is  elastic  and  in 
static  equilibrium  with  body  forces  produced  by  gravity.  In  a frequency  sweep 
experiment,  the  oscillation  frequency  is  increased  at  a fixed  amplitude  (below  yield 
strain),  until  the  shear  modulus  (G’)  becomes  invariant  over  a large  range  of  frequencies 
and  both  the  loss  modulus  (G”)  and  the  phase  angle  are  small.  Strain  sweep  experiments 
can  also  be  used  to  determine  the  “yield  strain”  of  the  network.  The  strain  amplitude  is 
increased,  at  a fixed  frequency,  until  a stress  is  reached  where  the  network  begins  to 
break  apart  to  initiate  flow  [59],  For  the  present  research,  the  measured  variation  of  the 
shear  modulus  and  shear  stress  with  temperature  is  used  to  describe  the  evolution  of  the 
suspension  microstructure. 

2,3,3  Basic  Concepts  of  the  Oscillatory  Shear 

It  is  instructive  to  discuss  the  response  of  viscoelastic  materials  to  a small- 

amplitude  oscillatory  shear,  since  this  is  a popular  deformation  mode  for  investigating 
linear  viscoelastic  behavior  [58], 

Let  strain  be 

Y(t’)  ~ Yo  exp(i©t’)  (2-1) 

where  co  is  the  frequency  and  yo  is  a strain  amplitude  which  is  small  enough  for  the 
linearity  constraint  to  be  satisfied.  The  corresponding  strain  rate  is  given  by 
y’(r’)  = icoyo  exp(icor’)  (2-2) 
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and,  if  this  is  substituted  into  the  general  integral  equation  for  the  total  stress 


a(0  = f<K'-OY’(Od'’  (2-3) 

then  we  get 

o(t)  = icoyo  exp(i©/)  j <(>(£)  exp(-  i©£)  d E,  (2-4) 
In  oscillatory  shear  define  a “complex  shear  modulus’  G , through  the  equation 
a(0  = G*(co)  y(t)  (2-5) 

and,  from  eqns.  (2-1),  (2-4)  and  (2-5),  get 

G*(©)  = ico  J <K£)  exp(-  i©£)  d £ (2-6) 

It  is  customary  to  write 

G*  = G’  + iG”  (2-7) 


And  G’  and  G’  ’ are  referred  to  as  the  “storage  modulus”  and  “loss  modulus,” 
respectively.  G’  is  also  called  the  dynamic  rigidity. 

For  the  Maxwell  model  (assuming  a serial  connection  of  the  elastic  and  viscous 
element),  the  strains  or  strain  rates  are  additive.  Hence  the  total  rate  of  shear  is  the  sum 
of  the  rates  of  shear  of  all  elements.  Then  the  following  formula  can  be  got 
G*  = i©q  / (1  + ion),  or  alternatively  G*  = icoxG  / (1  + i©x)  (2-8) 

And 

G’  = qx©2  / (1  + co2  x2)  (2-9) 

G”  = q©  /(I  + co2  x2)  (2-10) 

where  x = q/G,  is  the  retardation  time,  q is  the  viscosity  of  the  pure  viscous  element,  and 
G is  the  elasticity  of  the  pure  Hookean  element  in  the  Maxwell  model. 

As  an  alternative  to  the  complex  shear  modulus,  define  “complex  viscosity”  q , as 
the  ratio  of  the  shear  stress  a to  the  rate  of  shear  y’ . Thus 
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o(t)  = r\  y’(t)  (2-11) 

The  similar  representation  of  the  general  integral  of  the  complex  viscosity  is 
r|*(co)  = \ 4>(4)  exp(-  i©§)  d £ (2-12) 

Define 

V = (2-13) 

t|’  is  usually  given  the  name  “dynamic  viscosity.”  The  parameter  p”  has  no  special 
name  but  it  is  related  to  the  dynamic  rigidity  through  G’  = rf’®.  It  is  also  easy  to  deduce 
thatG”  = q’co. 

When  the  suspension  displays  a viscous  response,  G’  ~ 0.  If  the  response  is 
elastic,  then  r|”  ~ 0. 

Another  alternative  method  of  characterizing  linear  viscoelastic  response  is  to  plot 
G’  and  the  “loss  angle”  8.  In  this  method,  it  is  assumed  that  for  an  applied  oscillatory 
strain  given  by  Equation  (2-1),  the  stress  will  have  a similar  form,  but  its  phase  will  be  in 
advance  of  the  strain  by  an  angle  8.  Then 

a(t)  = ao  exp[i(cot  + 8)]  (2-14) 

And  it  is  easy  to  show  that  the  damping  factor  is 

tan8  = G”  /G’  ■ (2-15) 

When  the  suspension  transforms  from  a elastic  to  a viscous  state  or  vice  versa,  tan 
8 will  vary.  For  pure  elastic  solid,  the  stress  is  in  phase  with  the  applied  strain.  While  for 
pure  viscous  liquid,  the  stress  is  90°  ahead  of  the  strain. 
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2.3.4  Research  Results  on  the  Elastic  Properties  of  the  Highly  Loaded  Suspensions 

It  is  known  that  aggregation  will  form  floes  in  concentrated  suspensions.  A 

space-filling  network  will  be  created  when  the  characteristic  size  of  a floe  is  large  enough 
that  individual  floes  overlap,  then  the  suspension  is  considered  to  have  undergone 
gelation  [60-62],  The  viscoelastic  properties,  in  particular  how  the  elastic  modulus  scales 
with  volume  fraction,  have  been  modeled  based  on  the  assumption  that  the  particle 
network  consists  of  close  packed  floes.  Two  models  have  been  proposed  to  explain  the 
experimental  phenomena,  fractal  model  and  percolation  model. 

The  fractal  models  assume  that  suspensions  can  gel  at  all  volume  fractions; 
therefore,  there  is  no  gelation  threshold.  Several  authors  interpreted  the  elasticity  of 
aggregated  dispersions  in  terms  of  the  fractal  concept.  The  fractal  models  depend  on  the 
assumption  that  the  aggregated  structure  transmits  stress  through  its  elastic  backbone  (a 
chain  of  particles).  Fractal  models  of  gelation  predict  that  a space-filling  network  will  be 
created  when  the  characteristic  size  of  floe,  £ is  large  enough  so  that  individual  floes 
overlap.  In  the  suspensions  that  a weak  attraction  causes  slower  aggregation  and  is 
reaction  limited,  the  viscoelastic  properties,  in  particular  how  the  elastic  modulus  scales 
with  volume  fraction,  have  been  modeled  based  on  the  assumption  that  the  particle 
network  consists  of  close  packed  fractal  floes.  The  models  predict  a power  law  behavior 
of  elastic  modulus  with  respect  to  volume  fraction, 

G = Go  • <f>p  (2-16) 

where  Go  is  the  pre-exponential  factor,  </>  is  the  volume  fraction  of  clusters,  and  p is  an 
exponent  that  relates  to  the  structure  through  the  fractal  dimension  of  the  floes.  P is 
about  4.5  for  reaction  limited  cluster  aggregation  (RLCA)  [63-66], 
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Percolation  models  deal  with  the  effects  of  varying  the  richness  of 
interconnections  present  in  a random  system.  The  basic  idea  of  percolation  is  the 
existence  of  a sharp  transition  at  which  the  long-range  connectivity  of  the  system 
disappears  or  occurs.  This  transition  occurs  abruptly  when  some  generalized  density  in 
this  system  reaches  a critical  value  (percolation  threshold).  The  models  based  on 
percolation  concepts  describe  the  importance  of  the  gelation  threshold  to  the 
rheological  properties  of  aggregating  suspensions.  Percolation  models  can  be  divided 
into  two  categories:  site/lattice  percolation  network  and  continuous  percolation  network. 
For  the  lattice  percolation  model,  it  is  assumed  that  each  particle  has  a fixed  site  to  fill. 
Each  lattice  site  represents  one  polyfunctional  unit,  and  two  reacted  neighboring  units  are 
linked  by  a bond.  This  is  analogous  to  the  electrical  conductivity  of  an  electrical 
network.  For  the  continuous  percolation  network,  particles  do  not  have  fixed  positions  to 
fill  but  rather  deposit  randomly  as  isolated  islands.  One  example  of  this  type  of  network 
is  the  physical  vapor  deposition  of  the  electrical  conducting  thin  film.  In  the  initial  stage 
of  deposition,  the  deposited  particle  forms  random  isolated  islands  and  they  do  not  give 

• - ■'*  . ..  * ' / ‘ * yspSr**  . . ' *-!  '•  ” , • 

an  electrical  conductivity.  When  the  number  of  the  deposited  particle  increases  to  a 
critical  number,  these  originally  isolated  particles  start  to  connect  somehow  and  give 
electrical  conductivity. 

Rueb  and  Zukoski  used  an  octadecyl  silica  system  to  obtain  a scaling  for  the 
moduli  which  follows: 

G = G0  • (&/</>%- 1)1  (2-17) 

where  the  exponent,  s is  related  to  the  microstructure  of  the  network  [66,67], 
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But  experimental  results  of  Yanez  et  al.  on  AKP-30  alumina  / poly(  12-hydroxy 
stearic  acid)  suggested  that  the  expression  G'  = G'o  • ( <t>  - <f>g) s captured  the  generic 
mechanical  behavior  of  particle  gels.  Here,  is  the  distance  from  the  gel  transition 
and  thus  relates  to  the  number  of  stress  carrying  bonds.  G'o  characterizes  the  elasticity  of 
the  interparticle  bonds,  which  might  be  temperature  dependent  [68], 

Although  both  models  predict  that  the  modulus  of  the  suspension  increases  with 
increasing  volume  fraction  of  the  floes,  there  are  no  reports  on  how  to  model  the 
temperature  dependence  of  the  suspension  modulus.  Because  temperature  is  an  important 
parameter  that  will  affect  the  rheological  properties  of  the  suspension,  it  is  desirable  for 
industrial  application  to  understand  and  control  the  variation  of  these  properties  with 
temperature. 

2.4  Consolidation  Techniques  through  Colloidal  Processing 

2.4. 1 Consolidation  through  Removing  of  Solvent 

All  of  the  drained  casting  techniques,  e.g.  slip  casting,  pressure  casting  and 

centrifugal  casting,  involve  a solid-liquid  separation  process  to  form  a dense  green  body. 
Considerable  effort  has  been  put  forth  to  optimize  the  properties  of  the  slurries  used  for 
slip  casting  [56,69,70],  But  there  are  generic  problems  with  the  traditional  drained 
casting  methods,  including  the  following:  stress  gradient  may  lead  to  non-uniform 
densities  of  the  green  body,  and  the  liquid  flow  will  affect  the  suspension  microstructure 
and  tend  to  orient  non-spherical  constituents  such  as  whiskers.  All  these  factors  will 
decrease  the  properties  and  the  reliability  of  the  sintered  materials. 
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2.4.2  Constant  Volume  Consolidation  through  Injection  Molding 

Injection  molding  is  based  on  mixing  of  the  ceramic  powder  with  a binder  system 

(usually  a mixture  of  polymers)  to  create  a viscous  feedstock,  and  forming  the  part  by 
injecting  the  powder/binder  mixture  into  an  impermeable  mold  where  the  binder  is 
solidified  by  a temperature  control.  Injection  molding  has  proven  to  be  an  excellent 
forming  technique  for  smaller  parts  although  there  are  potential  problems  with  the  die 
filling  process.  Also  the  removal  of  the  binder  must  be  carried  out  at  a very  slow  rate  and 
might  take  up  to  several  days  in  order  to  avoid  slumping  and  crack  formation.  The  binder 
removal  time  will  increase  dramatically  with  the  size  of  the  green  body.  Another 
challenge  for  injection  molding  is  to  produce  parts  with  thick  cross  sections  [71-74]. 

2.4.3  Near-Net-Shape  Forming  Techniques  through  Gelation 

The  near-net-shape  forming  techniques  are  also  called  direct  casting  methods. 

According  to  the  fundamental  physical  and  chemical  principles  of  the  dispersing 
mechanism  and  gelation  reaction,  the  direct  casting  methods  can  be  classified  as  either 
physical  gel  method  or  chemical  gel  method.  For  a more  detailed  review  paper,  see 
Sigmund  et  al.  [56],  Physical  gel  techniques  include  direct  coagulation  casting  (DCC), 
temperature  induced  coagulation  casting  (TICC),  temperature  induced  forming  (TIF), 
temperature  induced  gelation  (TIG)  and  clay-like  forming/vibraforming,  etc.  Chemical 
gel  techniques  include  hydrolysis  assisted  solidification  (HAS),  aqueous  injection 
molding  (AIM),  gelcasting  etc. 

DCC  uses  chemical  reactions  of  some  enzymes  that  can  either  shift  the  pH  or 
increase  the  salt  concentration  so  as  to  induce  coagulation.  DCC  allows  casting  at  room 
temperature  and  uses  inexpensive  molds.  This  technique  has  the  advantages  of  a room 
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temperature  reaction  and  is  independent  of  the  component  size  and  wall  thickness. 
Typically  less  than  0.5wt%  of  organic  compounds  (dispersants  and  enzymes)  based  on 
ceramic  powder  are  required.  Therefore,  a separate  burnout  step  is  not  required.  Since 
the  physical  gelling  was  done  by  thermal  activated  chemical  reaction  before  enzymatic 
reactions  were  introduced,  it  is  important  to  design  these  reactions  far  from  the  boiling 
point  of  the  dispersing  media  so  that  bubble  formation  can  be  avoided  [75-78], 

For  the  electrosterically  stabilized  TICC  slurry  with  the  minimum  amount  of 
polymer  dispersant,  the  flocculation  might  be  due  to  the  entropy  driven  increase  in 
polymer  adsorption  with  increasing  temperature,  and  which  suggests  that  a fully  covered 
surface  at  room  temperature  will  have  more  sites  available  for  adsorption  at  higher 
temperature.  Since  there  is  no  additional  free  polymer  in  solution,  the  only  way  to  fill  the 
empty  sites  is  by  bridging.  Therefore,  flocculation  occurs  at  elevated  temperatures  for 
slurries  that  have  an  exact  balance  of  adsorbed  polymer.  In  the  case  of  excessive  polymer 
addition,  no  flocculation  is  observed.  Limitation  for  this  technique  is  to  use  maximum 
solid  loading  because  the  process  requires  a precise  control  of  the  polymer  dispersant 
concentration  [79], 

Since  the  adsorbed  polymers  at  the  interface  can  generate  long-range  steric  forces, 
the  extension  of  the  adsorbed  polymer  can  be  beyond  the  van  der  Waals  attraction  and 
form  a dispersed  particle  system.  Temperature  induced  gelation  (TIG)  originates  from 
the  incipient  flocculation  effect  of  sterically  stabilized  suspensions.  The  magnitude  and 
range  of  the  interaction  between  polymer  layers  can  be  related  to  the  solution  properties 
of  the  polymer  and  the  conformation  of  the  polymer  at  the  solid-liquid  interface.  When 
the  solvency  reaches  a critical  level,  the  sterically  stabilized  dispersion  flocculates,  so 
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called  incipient  flocculation.  Decrease  in  solvency  of  the  polymer  by  temperature  change 
or  addition  of  non-solvent  has  been  utilized  in  several  previous  studies  to  induce 
flocculation  in  sterically  stabilized  concentrated  suspensions.  In  principle,  all  sterically 
stabilized  suspensions  should  be  able  to  flocculate  by  making  the  stabilizing  moieties 
insoluble.  For  many  systems,  however,  this  effect  can  only  be  obtained  far  from  room 
temperature,  which  makes  these  systems  difficult  to  apply  for  ceramic  processing.  One 
example  is  the  TIG  formed  AI2O3  and  composite  AI2O3  / SiCw  from  suspensions 
dispersed  with  Hypermer  KD3  (copolymer).  Choosing  a continuous  medium  with 
intermediate  polarity,  such  as  pentanol,  will  result  in  a transition  temperature  close  to 
room  temperature.  At  temperatures  above  30°C,  the  suspension  has  a low  viscosity  and 
negligible  elasticity  due  to  extension  of  the  polymer  dispersant.  Below  20°C,  the 
viscosity  increases  significantly  due  to  a change  in  the  solvation  parameter  of  the 
adsorbed  polymer,  and  the  viscoelastic  behavior  becomes  predominantly  elastic. 

The  elasticity  and  the  associated  particle  network  strength  are  sufficiently  high  for 
a highly  concentrated  gelled  suspension  to  support  its  own  weight.  TIG  produces  a fully 
reversible  gel  and  can  recycle  excess  material  easily.  For  the  same  reason  gelled 
saturated  bodies  must  be  kept  at  the  solidification  temperature  to  avoid  slumping  [80,81], 

In  comparison  to  the  physical  gels,  chemical  gels  usually  require  a higher  amount 
of  organic  processing  aids  and  thus  a separate  burnout  step.  Since  larger  amount  of 
polymer  is  available,  the  green  bodies  have  higher  strength  than  the  physical  gels. 
Another  major  difference  from  the  physical  gels  lies  in  the  irreversibility  of  chemical 
gelling  since  covalent  bonds  between  molecules  are  formed.  Hydrolysis  Assisted 
Solidification  (HAS)  uses  this  mechanism  that  the  green  strength  of  physical  gels  can  be 
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increased  when  the  salt  created  for  gelation  precipitates  to  form  particle  necks.  For 
example,  AIN  in  water  has  a thermally  activated  decomposition  reaction,  and  AIN  is 
stable  in  aqueous  system  at  room  temperature  due  to  a thin  inert  protective  coating  of 
alumina.  But  when  heating,  this  layer  dissolves  and  the  exposed  AIN  surface  will  react 
with  water.  Dissolving  aluminum  nitride  in  water  yields  gibbsite  and  ammonia  and 
creates  the  pH  shift  [82], 

The  first  Aqueous  Injection  Molding  (AIM)  process  was  reported  in  the  late 
1 970's  where  methylcellulose  derivatives  were  used.  These  polymers  are  highly  soluble 
at  room  temperature  due  to  polymer  hydration.  When  increasing  temperature,  the 
polymer  becomes  more  and  more  dehydrated  until  the  chain-chain  interaction  is  stronger 
than  the  chain-water  interaction.  And  at  above  50°C,  the  slurry  suddenly  gels.  The 
process  is  reversible  on  cooling.  The  gel  strength  is  related  to  the  molecular  weight  and 
thus  requiring  a compromise  for  the  maximum  solid  loading  and  the  wet  green  body 
strength  [83],  Another  approach  is  to  use  other  polymers  to  gel  the  slurry  on  cooling, 
such  as  agarose  (a  purified  polysaccharide)  gels  through  a change  of  its  conformation. 

But  the  slurry  has  to  be  handled  close  to  the  boiling  point  and  gels  below  37°C.  The  agar 
dissolves  in  the  water  at  slightly  elevated  temperatures  and  results  in  a viscous  but  fluid 
material  that  is  readily  injectable  into  molds  using  standard  thermoplastic  injection 
molding  equipment.  The  agar  re-gels  in  the  mold  upon  cooling,  utilizing  water  as  part  of 
its  gel  structure.  Molding  cycle  time  of  5 min  are  achievable  for  components  such  as 
turbine  blades  and  nozzles.  The  AIM  process  can  result  in  SisN4  components  with 
equivalent  mechanical  properties  to  slip  cast  Si3N4  [84],  Although  AIM  is  a faster 
gelation  process  than  gelcasting,  but  is  more  limited  to  thickness  and  size  of  parts  that  can 
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be  formed  because  it  is  a viscous  filling  process.  And  the  critical  technical  issues  for 
AIM  remain:  (1)  Generation  of  defect-free  part  in  high  yield  since  the  sintered  body  has  a 
porous  structure;  (2)  Dimension  control  of  complex-shaped  surfaces  such  as  airfoils. 

Gelcasting  technology  is  another  type  of  direct  casting  method  through  chemical 
gelation.  The  gelcasting  concept  originates  in  the  early  1960’s  when  metallic  particles  in 
the  slurry  were  first  consolidated  using  the  polymerization  of  monomers,  and  its 
application  towards  ceramics  was  first  described  in  the  1990’s.  The  general  process 
follows  a dispersion  of  the  particles  by  electrostatic  or  steric  stabilization  using  a 
dispersant  for  maximizing  solid  loading.  The  monomer  is  dissolved  in  the  dispersing 
media  and  provides  a low  viscosity  vehicle  for  transporting  the  fluid  into  the  mold.  After 
a small  amount  of  cross-linker  is  added  to  the  Si3N4  aqueous  slurry,  the  monomer  is 
polymerized  in  situ  and  permanently  gels  around  the  ceramic  powder  to  retain  the  desired 
shape.  Because  the  monomers  and  cross-linking  agents  undergo  a free-radical  chain 
polymerization  reaction,  the  setting  is  very  rapid.  For  example,  gelation  times  are  as 
short  as  1 5 min  for  turbine  wheels.  The  gelled  powder  compact  is  then  dried  to  remove 
the  water,  leaving  a powder  compact  with  an  open  pore  network  and  2-4  wt%  dried  gel. 
The  gel  can  be  removed  by  a pyrolysis  cycle. 

The  gelcasting  process  has  some  advantages  over  pressure  slip  casting,  including: 
being  50-80%  faster,  generating  more  uniform  powder  packing,  having  a much  higher 
part  strength  after  forming  and  after  drying,  and  requiring  simpler  molds  (no  need  for  de- 
watering surfaces).  But  there  are  some  remaining  technical  issues  for  gelcasting:  ( 1 ) 
requires  an  appropriate  combination  of  mold  materials  and  mold  release  agents  to  ensure 
that  the  part  can  be  removed  form  the  mold.  Mold  release  agent  selection  is  often  the 
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most  difficult  aspect  of  developing  an  effective  gelcasting  system;  (2)  Densification  is 
another  issue.  Gelcasting  parts  typically  shrink  23%  during  densification.  Distortion  in 
the  densified  part  is  an  inherent  outcome  of  the  densification  process.  Controlling  the 
distortion  using  furnace  cycles,  fixturing  and  a combination  of  the  two  is  a constant 
challenge;  (3)  Achieving  full  density  in  a thick  cross  section  such  as  the  hub  of  a turbine 
wheel  is  a challenge;  (4)  Burnout  process  usually  takes  a long  time  [85,86], 

2.4,4  Temperature  Induced  Forming  (TIF)  Process 

TIF  method  was  first  proposed  by  F.  Aldinger  and  W.  M.  Sigmund  [87],  Similar 

to  TICC,  the  TIF  process  also  applies  to  the  electrosterically  stabilized  slurry  and  the 
slurry  is  flocculated  by  temperature  control.  But  TIF  employs  a low  molecular  weight 
dispersant  for  stabilization  at  room  temperature,  and  uses  the  ceramic  powder  dissolution 
with  increasing  temperature  to  exchange  the  molecular  dispersant  for  a higher  molecular 
weight  polymer.  Since  the  polymer  concentration  is  maintained  below  the  level 
necessary  for  stabilization,  the  gelation  occurs  via  bridging  flocculation  (Figure  2-1). 

The  polymer  molecular  weight  is  a critical  factor  for  this  process.  Normally  high 
molecular  weight  polymer  results  in  a stronger  gel.  After  drying,  the  precipitation  of 
dissolved  materials  at  particle  contacts  increases  the  green  strength  [87,88], 

The  effect  of  the  PAA  amount  on  the  viscosity  and  relative  viscosity  (at  shear  rate 
20  s"1)  of  the  50vol%  AKP53  alumina  TIF  suspensions  was  reported  by  Bell  et  al  [88], 
The  molecular  weight  of  the  PAA  was  50,000  and  the  amount  of  PAA  ranged  from 
0.02wt%  to  0.20wt%  of  dry  alumina  particles.  The  viscosity  of  all  suspensions  increased 
when  the  temperature  is  above  45  °C.  But  there  are  also  some  contradictions  in  the  data 
reported,  for  example,  the  viscosity  data  for  the  0.12wt%  PAA  addition  suspension  is 
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lower  than  that  of  the  0.065wt%  PAA  addition  suspension.  These  contradictions  might 
be  due  to  the  mill  jars  that  are  made  out  of  polymer  materials,  which  will  erode  into  the 
suspensions  and  affect  the  viscoelastic  properties.  The  paper  also  reported  that  the  TIF 
process  could  be  used  for  direct  casting  ceramic  parts  with  good  surface  finish,  and  that 
the  sintered  ceramic  parts  had  a uniform  microstructure. 


Alumina  powder  PAA  molecular  chain  Dissolved  A1  ions 


Citrate  anion  Negative  charge 


Fig.  2-1.  Proposed  gelation  mechanism  for  TIF  suspensions.  The  initial  slurry  is  stable 
because  of  electrostabilization,  and  the  negative-charged  PAA  chains  do  not  adsorb  on 
alumina  surface  because  of  complete  surface  coverage  by  negative-charged  citrate 
anions.  The  desorption  of  citrate  anion  from  alumina  surface  with  the  increasing 
solubility  of  alumina  in  water  at  elevated  temperatures  leaves  adsorption  sites  for  poly 
(acrylic  acid)  chains,  and  the  bridging  flocculation  results  [87,88], 


Compared  with  other  direct  casting  techniques  and  the  conventional  slip  casting 
techniques  discussed  above,  the  TIF  process  has  some  evident  advantages.  First,  TIF 
uses  water  as  solvent  and  a higher  volume  fraction  of  solid  is  accessible.  Therefore,  a 
dense  green  body  of  complex  shape  parts  can  be  obtained.  Another  virtue  of  TIF  is  that  it 
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only  uses  temperature  to  control  the  rheological  properties  of  the  suspensions.  Third,  TIF 
is  a constant  volume  method  using  gelation  mechanism  for  consolidation;  and  principally 
less  stress  in  the  green  body  compared  to  drained  techniques.  Also,  TIF  uses  less  than 
0.5  wt%  of  organic  materials  during  the  processing,  therefore  the  burnout  step  can  be 
omitted,  and  the  density  of  the  resulting  green  body  can  be  above  65%  theory  density. 
From  the  industrial  point,  TIF  technology  is  readily  automatable.  Another  important 
character  of  TIF  process  is  that  it  is  through  physical  gelation,  which  indicates  that  the 
gelation  degree  can  be  tailored  by  alternating  the  process  parameters,  such  as  temperature 
and  time.  This  makes  it  possible  to  build  ceramic  parts  layer  by  layer  using  TIF 
suspension  without  causing  any  layer  delamination. 

Therefore,  in  this  research,  the  author  will  focus  on  the  viscoelastic 
characterization  and  evaluation  of  the  TIF  suspensions,  and  try  to  tailor  the  compositions 
to  get  higher  volume  fraction  suspensions  while  having  a relatively  lower  shear-rate 
viscosity  for  direct  casting  fabrication  of  complex  shape,  engineering  ceramic  parts.  The 
qualitative  and  quantitative  understanding  of  the  microstructure  evolution  with 
compositions  and  temperature  will  enable  us  to  design  the  appropriate  processing 
parameters  and  control  the  degree  of  gelation  of  the  TIF  suspensions. 


CHAPTER  3 

EFFECT  OF  COMPOSITION  ON  TFIE  VISCOSITY  OF  THE  TIF  AQUEOUS 
ALUMINA  SUSPENSIONS  WITH  POL Y( ACRYLIC  ACID)  (PAA) 

3.1  Adsorption  of  Citrate  Anions  on  Alumina  Particle  Surfaces 
3.1.1  Shift  of  the  Isoelectric  Point  by  Adsorption  of  Citrate  Anions 

Ammonia  citrate  (TAC)  powder  is  soluble  in  water  in  the  basic  pH  region.  The 

adsorption  of  citrate  on  the  alumina  particles  has  been  studied  [24,89,90],  These  results 
show  that  the  adsorption  of  negatively  charged  citrate  ion  on  alumina  can  prepare  high 
volume  fraction  stable  suspensions  for  slip  casting.  The  competitive  adsorption  of  citrate 
with  polymers  such  as  polyethylene  oxide  (PEO)  has  been  reported  by  Hidber  et  al.  [91]. 
The  exis  tence  of  PEO  will  not  impede  the  adsorption  of  citrate  on  alumina,  while  the 
adsorption  of  citrate  will  decrease  the  adsorption  of  PEO  because  citrate  is  negatively 
charged  and  is  preferably  adsorbed  on  the  polar  alumina  surface.  This  indicates  that 
adsorption  energy  between  citrate-alumina  is  higher  than  that  of  PEO-alumina.  The 
effect  of  PAA  on  the  adsorption  of  citrate  in  alumina  suspensions  has  not  been  reported, 
but  it  can  be  estimated  that  citrate  is  apt  to  adsorb  on  alumina  more  easily  than  that  of 
PAA  because  of  its  smaller  size.  When  citrate  is  first  added  into  suspensions,  the 
alumina  particle  surfaces  will  be  covered  and  saturated  by  citrates.  The  late  addition  of 
PAA  will  not  affect  the  adsorption  amount  of  citrate  on  alumina  particles. 

The  pH  dependence  of  the  zeta  potential  for  the  AKP53  alumina  suspensions  with 
and  without  TAC  is  shown  in  Figure  3-1.  For  the  pure  AKP53  alumina  powders,  the 
point  of  zero  charge  (PZC)  is  ~ pH9.2.  When  the  pH  > 9.2,  the  zeta  potential,  £,  is 
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Fig.3-1.  The  pH  dependence  of  the  zeta  potential  for  the  3vol%  AKP53  alumina 
suspensions.  The  amount  of  TAC  is  0.4wt%  of  alumina  powder. 

negative;  at  pH  < 9.2,  £ > 0.  The  surface  charge  comes  from  the  hydrolysis  of  the 
ceramic  powder  in  water.  At  alkaline  region  of  pH>9.2,  adsorption  of  the  negative 
hydroxyl  groups  on  the  particle  surface  yields  a net  negative  surface  charge.  While  at 
pH<9.2,  the  proton  in  water  will  react  with  the  hydroxyl  groups  on  the  particle  surface  to 
yield  a net  positive  surface  charge  and  thus  a positive  surface  potential.  Since  a higher 
magnitude  of  the  zeta  potential  is  required  to  prepare  a stable  suspension  by  the 
electrostatic  mechanism,  the  pH  of  the  suspensions  needs  to  be  adjusted  to  the  highly 
acidic  region.  The  acid  condition  is  not  favorable  to  industrial  application  because  of 


erosion  of  the  steel  containers. 
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The  data  shows  that  the  addition  of  TAC  shifts  the  PZC  of  alumina  to  the  acidic 
region,  or  IEP  of  about  pH5.5,  which  is  in  agreement  with  the  reported  results  on  the  shift 
the  PZC  of  alumina  suspensions  to  the  acidic  region  by  poly  (acrylic  acid)  or  citric  acid 
as  dispersant  [24,89,90,92],  The  shift  of  PZC  of  the  alumina  particles  is  due  to  the 
adsorption  of  these  charged  dispersant  s on  the  ceramic  powder  surface  so  that  more 
protons  are  needed  to  neutralize  the  surface  charge.  Therefore,  at  pH>9,  the  zeta 
potential  of  the  alumina  particles  in  the  suspension  with  TAC  is  about  -50  mV  and  this 

value  is  large  enough  to  stabilize  the  suspensions.  The  pH  of  the  TIF  suspensions  is  then 
adjusted  to  above  pH9  for  dispersion. 

3,1,2  Minimum  Amount  of  Citrate  Anion  for  Complete  Surface  Coverage 

The  adsorption  of  citrate  on  alumina  surfaces  creates  a higher  EDL  repulsive 
potential  to  overcome  the  van  der  Waals  attractive  potential  and  enables  the  preparation 
of  stable  concentrated  suspensions.  When  the  surface  of  the  alumina  surface  is  fully 
covered,  the  excessive  citrate  will  stay  in  the  suspension.  Even  though  these  citrate 
molecules  carry  the  same  sign  charge  as  the  particle  surface,  they  will  increase  the 
resistance  to  the  movement  of  the  water  molecules  under  shear,  which  results  in  increase 
of  the  viscosity.  Therefore,  determination  of  the  minimum  amount  of  citrate  needed  to 
stabilize  the  alumina  particles  is  necessary  in  order  to  get  a concentrated  suspension  with 
minimum  shear  viscosity. 

Figure  3-2  illustrates  the  TAC  concentration  dependence  of  viscosity  for  the 
40vol%  AKP53  alumina  suspension,  which  is  the  value  at  shear  rate  of  100  s'1.  It  can  be 
seen  that  the  plot  has  a minimum  at  about  0.4wt%  TAC.  Above  this  value,  the  viscosity 
increases  gradually.  When  the  TAC  concentration  is  less  than  0.4wt%,  the  viscosity 
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increases  sharply.  Therefore,  it  can  be  concluded  that  the  optimum  amount  is  about 
0.4wt%  TAC,  which  will  yield  full  surface  coverage  of  citrate  on  alumina  particle  surface 
while  maintaining  a low  viscosity.  The  measured  adsorbed  amount  of  citrate  anions  on 
AKP53  alumina  at  25  °C  is  5.7  ±0. 1 pg  / m2  AI2O3  (BET  surface  area)  using  the  UV- 
Persulfate  TOC  Analyzer  (DOHRMANN,  Phoenix  8000).  This  value  is  in  good 
agreement  with  the  value  (~  5.0  pg  / m2  A1203)  reported  by  Hidber  et  al  [89], 


Fig.3-2.  TAC  amount  dependence  of  the  suspension  viscosity  at  shear  rate  of  100  s'1. 

3,2  Determination  of  the  Minimum  Amount  of  PA  A 
3.2,1  Gelation  Experiments 

PAA  is  not  used  as  dispersant  in  TIF  suspension,  but  as  a gelation  agent  to  form 
bridging  flocculation  when  the  suspension  temperature  is  raised.  Although  the  effect  of 


28 


the  PAA  amount  on  the  viscosity  and  relative  viscosity  (at  shear  rate  20  s’1)  of  the 
50vol%  AKP53  TIF  suspensions  has  been  reported  by  Bell  et  al.  [88],  the  data  reported 
can  not  be  adopted  for  the  experiments  directly  because  of  the  difference  in  jar  materials 
used.  In  this  section,  qualitative  gelation  experiments  are  used  to  determine  the  minimum 
amount  of  PAA  that  is  necessary  to  gel  the  suspension. 

Gelation  experiments  are  performed  by  injecting  the  TIF  suspensions  into 
borosilicate  glass  tubes  (Fisher  Scientific)  to  a height  of  30  mm.  The  suspension  surface 
at  the  open  end  is  covered  with  a thin  layer  of  vegetable  oil  to  prevent  water  evaporation. 
Additionally,  tubes  are  sealed  with  stoppers  as  tight  as  possible.  Then  the  tube  is  put  into 
an  oven  at  70°C  for  4 hours.  Finally,  the  suspension  cylinder  is  taken  out  carefully  and 
the  gelation  condition  is  checked  qualitatively  by  measuring  the  height  of  the 
freestanding  suspension  cylinder.  These  experiments  are  quite  different  from 
sedimentation  experiments  in  that  when  the  TIF  suspension  is  gelled,  all  the  solvent  is 
trapped  in  the  gelled  body.  Here,  we  define  that  the  suspension  is  well  gelled  if  the 
freestanding  wet  suspension  cylinder  height  is  more  than  15  mm  after  10  min  of 
demolding  (define  the  gelation  degree  as  50%).  Complete  gelation  yielded  cylinders  of 
30-mm  height  without  any  collapse  (defined  the  gelation  degree  as  100%).  Some 
gelation  results  are  shown  in  Figure  3-3  and  Figure  3-4  to  illustrate  the  definition  of 
gelation  degree.  The  amount  of  PAA  is  base  on  the  weight  of  dry  alumina  powder. 

3.2.2  Gelation  Diagrams  for  PAA  50.000  and  PAA  10.000  Addition  Suspensions 

The  gelation  diagrams  for  alumina  suspensions  with  PAA  of  Mw  ~ 50,000  and 

10,000  are  shown  in  Figure  3-5  and  Figure  3-6,  respectively.  These  diagrams  relate  the 
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0.008%  0.016%  0.024%  0.032% 

45  vol%  alumina,  Mw  of  PAA  is  50,000 


Fig.3-3.  Gelation  results  of  the  45vol%  AKP53  suspensions  while  varying  the  amount  of 
PAA  50,000.  All  suspensions  are  put  in  oven  of  70  °C  for  4h  before  they  are  removed 
from  their  container.  The  gelation  degree  is  also  shown. 


0.010%  0.020%  0.040%  0.060% 

45  vol%  alumina,  Mw  of  PAA  is  10,000 


Fig.3-4.  Gelation  results  of  the  45vol%  AKP53  suspensions  while  varying  the  amount  of 
PAA  10,000.  All  suspensions  are  put  in  oven  of  70  °C  for  4h  before  they  are  removed 
from  their  container.  The  gelation  degree  is  also  shown. 
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Fig.3-5.  3D  gelation  diagram  that  relates  the  gelation  degree  to  the  volume  fraction  of 
AKP53  alumina  and  the  amount  of  PAA  50,000.  The  plot  shows  that  when  the  volume 
fraction  is  > 0.3,  the  suspension  can  be  gelled  if  the  amount  of  PAA  is  > 0.035wt%  of 
alumina  powder  when  the  suspensions  are  put  in  oven  of  70  °C  for  4h. 
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Fig.3-6.  3D  gelation  diagram  that  relates  the  gelation  degree  to  the  volume  fraction  of 
AKP53  alumina  and  the  amount  of  PAA  10,000.  The  plot  shows  that  when  the  volume 
fraction  is  > 0.3,  the  suspension  can  be  gelled  if  the  amount  of  PAA  is  > 0.035wt%  of 
alumina  powder  when  the  suspensions  are  put  in  oven  of  70  °C  for  4h. 
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gelation  condition  of  the  suspensions  with  volume  fraction  of  particles  and  PAA  amount 
under  a fixed  experimental  condition.  The  minimum  amount  of  PAA  (~  0.035wt%) 

required  to  gel  the  suspension  at  70°C  for  4 hours  seems  independent  of  the  volume 
fraction  of  particles  for  the  present  experimental  volume  fraction  of  particles  (from  30  to 
50vol%).  This  observation  does  not  indicate  that  the  polymer  concentrations  that  are 
required  to  gel  the  suspensions  are  independent  of  the  volume  fraction  of  particles  under 
all  experimental  conditions.  But  it  can  be  concluded  that  ~ 0.035wt%  PAA  is  enough  to 
gel  the  suspension  that  is  used  for  direct  casting.  Therefore,  a PAA  amount  of  0.04wt% 
(based  on  the  weight  of  dry  alumina  particles  in  respective  suspension)  is  chosen  for  the 
following  experiments. 

3.3  Effect  of  Composition  on  Room-Temperature  Viscosity 
3,3,1  Effect  of  the  Volume  Fraction  of  Alumina  Particles 

The  room  temperature  shear  flow  property  is  important  for  the  direct  casting 
process  in  that  it  governs  the  filling  capability  of  the  suspension  in  the  mold.  Low 
viscosity  at  low  shear  rate  is  preferred  to  reduce  the  defects  (i.e.  pores)  in  the  green  body. 
Figure  3-7  shows  the  variation  of  the  steady  shear  viscosity  with  shear  rate  at  25  °C  for 
different  volume  fraction  suspensions  with  0.4wt%  TAC  and  0.04 wt%  PAA  of  molecular 
weight  50,000.  All  suspensions  show  shear-thinning  behavior  in  the  experimental  shear 
range,  where  the  viscous  force  affects  the  suspension  structure  more  than  that  of  thermal 
motion.  The  shear  thinning  is  also  thought  to  be  the  result  of  the  perturbation  of  the 
suspension  structure  by  shear  [60],  It  can  also  be  seen  that  higher  suspension  loading 
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results  in  higher  viscosity,  which  might  be  due  to  the  stronger  interaction  between  the 
electric  double  layer  (EDL)  when  the  EDL  overlaps  more. 
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Fig.  3 -7.  The  shear  rate  dependence  of  viscosity  at  25  °C  for  different  volume  fraction 
alumina  suspensions.  The  amount  of  TAC  and  PAA  (Mw=50,000)  are  0.4  and  0.04wt%, 
respectively. 

3,3.2  Volume  Fraction  Dependence  of  the  Relative  Viscosity 

The  variation  of  relative  viscosity  of  the  suspensions  with  volume  fraction  of 
solids  is  given  in  Figure  3-8.  The  viscosity  data  are  taken  at  the  shear  rate  of  1030  s'1. 
The  relative  viscosity  is  defined  as  the  ratio  of  the  measured  suspension  viscosity  to  that 
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of  water  at  25  °C.  At  very  high  shear  rate,  the  electrostatic  stabilized  system  could  be 
thought  to  behave  similarly  to  hard  sphere  system,  and  hydrodynamic  interaction  is  the 
main  contribution  to  the  flow  of  the  suspensions.  The  Dougherty-Krieger  equation  is 


Volume  Fraction  of  Alumina 


Fig.3-8.  The  slurry  loading  dependence  of  the  relative  viscosity  for  the  AKP53  alumina 
suspensions  at  shear  rate  of  1030  s'1.  All  slurries  have  0.4wt%  TAC  and  0.04wt%  PAA 
50,000.  The  relative  viscosity  data  of  the  PAA-free  suspensions  can  fit  the  Dougherty- 
Krieger  equation  more  closely  than  that  of  the  PAA  addition  suspensions. 


commonly  used  to  relate  the  relative  viscosity  with  suspension  loading  for  hard  sphere 
systems: 

TT=[1-(<|>/<M]  (3-1) 
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where  <j>  is  the  suspension  loading,  <|)m  is  the  maximum  packing  fraction,  which  is  of  the 

order  of  0.64  for  random  packing,  [rj]  is  the  asymptotic  slope  of  the  curve  as  <J)  goes  to 

zero,  and  normally  it  is  taken  as  2.5.  But  in  most  cases,  both  <|)mand  [r|]  are  chosen  as 

variables  at  the  same  time  to  fit  the  experimental  data  and  analyze  the  suspension 
structures  [1,53-56,60,93,94]. 

Using  the  above  Dougherty-Krieger  equation  to  fit  the  viscosity  data  of  the 
suspensions  in  the  absence  of  PAA  gives  <|>m  = 0.64  and  [q]  =2.18.  The  calculated 
results  (solid  line  in  Figure  3-8)  fit  the  experimental  data  (open  circles)  well  for  volume 
fraction  up  to  0.62.  For  the  PAA  addition  suspensions  (filled  circles  in  Figure  3-8),  the 
Dougherty-Krieger  equation  with  <|>m=  0.57  and  [q]  = 2.4  (dashed  line  in  Figure  3-8) 
could  only  fit  the  experimental  data  well  at  volume  fraction  less  than  0.55.  This  deviation 
might  be  due  to  the  “wall-slip”  effect  using  the  concentric  cylinder  measuring  system 
when  the  suspension  viscosity  is  very  high.  The  measurement  data  indicates  that  PAA 
addition  increased  the  viscosity  at  the  respective  volume  fraction  of  particles,  and  this 
increment  became  larger  at  higher  volume  fraction  of  particles.  When  the  volume 
fraction  is  more  than  0.55,  the  interparticle  distance  would  be  very  small  and  the 
depletion  flocculation  might  occur.  The  depletion  flocculation  might  also  cause  the 
formation  of  agglomerates  in  the  suspension,  which  makes  contribution  to  the  larger 
increment  of  the  shear  viscosity.  When  the  volume  fraction  is  further  increased,  the 
interparticle  distance  might  fall  into  the  primary  minimum  of  the  interaction  potential, 
then  the  possibility  of  forming  weak-attractive  particle  agglomerates  increases,  which 
could  also  contribute  to  the  increase  of  the  shear  viscosity. 
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3,3,3  Effect  of  the  Molecular  Weight  of  PAA 

Figure  3-9  and  Figure  3-10  give  the  shear  flow  curves  for  PAA  10,000  and  PAA 

5,000  addition  suspensions,  respectively.  It  is  found  that  shear  thinning  only  happens  for 
high  volume  fraction  suspensions  at  low  shear  rate,  and  shear  thickening  will  take  place 
at  higher  shear  rate.  The  shear  thickening  might  be  due  to  the  deformation  of  the  ordered 
structure  of  the  suspension  formed  at  a lower  shear  rate,  and  this  will  cause 
rearrangement  of  its  microstructure  such  that  the  resis  tance  to  flow  increases  with  shear 
rate.  In  almost  all  known  cases  of  shear  thickening,  there  is  a region  of  shear  thinning  at 
lower  shear  rate  [67], 


Fig.3-9.  The  shear  rate  dependence  of  viscosity  at  25  °C  for  different  volume  fraction 
alumina  suspensions.  The  amount  of  TAC  and  PAA  (Mw=  10,000)  are  0.4wt%  and 
0.04wt%,  respectively. 
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Fig.3-10.  The  shear  rate  dependence  of  viscosity  at  25  °C  for  different  volume  fraction 
alumina  suspensions.  The  amount  of  TAC  and  PAA  (Mw=5,000)  are  0.4wt%  and 
0.04wt%,  respectively. 


r\  (Pa  s) 


38 


0.2 


fefimna  n □ a D a* 


0.16  - 


0.12  - 


0.08 


0.04 


0 


□ □ 


ifmKooo  ooo-o o o 


jp/AAA  A-A  - A A A A* 


0 


200 


400 


□ 


a 


□ 


600 


- □ - 25  wt%  PAA, 

Mw~  50,000 

- O - 25  wt%  PAA, 

Mw~  10,000 

- A - 25  wt%  PAA, 

Mw~  5,000 

- ■ - 0.04  wt%  PAA, 

Mw~  50,000 

o o 

O 

A A 

A 

1 

800 

i 

1000 

1200 


Shear  Rate  (s'1) 


Fig.3-1 1.  The  shear  rate  dependence  of  viscosity  at  25  °C  for  the  pure  PAA  aqueous 
solutions.  25wt%  PAA  solutions  show  Newtonian  shear  behavior.  It  can  be  seen  that 
higher  molecular  weight  of  PAA  yields  a higher  viscosity  at  the  experimental  shear  rate 
range.  0.04wt%  PAA  50,000  solution  shows  shear  thickening  at  higher  shear  rate. 
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For  the  same  volume  fraction  suspension  with  same  weight  percent  of  PAA, 
higher  molecular  weight  of  PAA  yields  a higher  shear  viscosity.  This  variation  is 
especially  large  for  high  volume  fraction  suspensions,  where  the  amount  of  PAA  is  also 
high  compared  with  the  low  volume  fraction  suspensions.  It  is  assumed  that  the 
resistance  of  the  PAA  molecular  chains  to  the  movement  of  water  molecules  increases 
with  the  increasing  of  both  molecular  weight  and  amount  of  PAA  in  the  suspensions.  The 
intrinsic  shear  flow  characters  of  25wt%  of  PAA  aqueous  solutions  with  different 
molecular  weight  is  shown  in  Figure  3-11.  It  is  evident  that  higher  molecular  weight  of 
PAA  yields  a higher  viscosity  at  the  experimental  shear  rate  range. 

3,4  Temperature  Dependence  of  the  Suspension  Viscosity 
Figure  3-12  gives  the  temperature  dependence  of  the  relative  viscosity  (ratio  of 

the  measured  viscosity  to  that  of  water  at  the  same  temperature)  for  suspensions  with 
0.04wt%  PAA  50,000  addition.  The  relative  viscosity  of  all  suspensions  starts  to  increase 
monotonously  with  temperature  when  the  temperature  is  above  35  °C.  The  variation  of 
relative  viscosity  becomes  larger  with  increasing  suspension  loading.  The  addition  of 
PAA  in  a concentrated  suspension  not  only  increases  the  viscosity  of  zero  shear  rate,  but 
also  bridges  the  particles  and  flocculated  the  suspension  [61,87,88],  which  can  be 
reflected  from  the  larger  variation  of  relative  viscosity.  For  suspensions  in  absence  of 
PAA,  the  relative  viscosity  has  changed  little  in  the  experimental  temperature  range  for 
the  suspension  loading  of  40  or  50vol%,  as  shown  in  Figure  3-13.  These  results  suggest 
that  PAA.  play  an  important  role  in  the  temperature  induced  forming  suspensions. 
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Fig.3-12.  Temperature  dependence  of  the  relative  viscosity  of  TIF  alumina  slurries  with 
variation  in  solids  loading  while  keeping  TAC  and  PAA  50,000  constant  at  0.4  and 
0.04wt%,  respectively. 
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Fig.3-13.  Temperature  dependence  of  the  relative  viscosity  of  40  and  50vol%  alumina 
slurries  without  PAA  addition.  The  TAC  amount  is  0.4wt%  for  both  slurries. 


The  temperature  dependence  of  the  suspension  viscosity  is  due  to  the  evolution  of 
the  suspension  microstructure  with  increasing  temperature.  Both  bridging  flocculation 
and  depletion  flocculation  could  make  contributions  to  the  flocculation  of  the  suspension 
when  the  temperature  is  raised,  especially  for  the  high  volume  fraction  suspensions.  It  is 
proposed  that  the  dissociation  of  citrate  anions  from  the  alumina  particle  surface  with 
increasing  temperature  would  leaving  adsorption  sites  available,  and  this  followed  by  the 
exchange  of  the  lower  molecular  weight  dispersant  for  a higher  molecular  weight 
polymer  [88],  Since  the  adsorption/desorption  process  for  TAC  on  alumina  is  dynamic. 
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and  an  increase  in  temperature  would  likely  cause  an  increase  in  the  kinetics  of 
desorption,  leading  to  a more  liable  TAC  bound  fraction.  Since  TAC  may  effectively 
block  PAA  from  adsorption  (both  species  interact  with  alumina  through  COOH  groups), 
and  because  TAC  adsorbs  first  during  slurry  preparation,  TAC  must  desorb  before  PAA 
could  adsorb.  Being  a long  chain  molecule,  it  is  likely  that  PAA  adsorbs  at  multiple 
points  on  the  alumina  surface,  giving  it  a stability  advantage  over  TAC.  TAC  desorption 
is  facilitated  by  increasing  the  temperature.  In  this  scenario,  bridging  is  the  most  likely 
mechanism  for  temperature  induced  coagulation.  The  resultant  aggregates  will  grow  with 
increasing  temperature  and  finally  form  a space-filling  network. 

The  data  in  Figure  3-13  also  shows  that  the  increase  in  the  kinetic  energy  of  the 
particles,  which  could  cause  them  to  overcome  the  electrostatic  repulsive  barrier  more 
easily  and  to  aggregate,  would  not  appear  to  be  a factor  in  the  present  case.  This 
indicates  that  sufficient  electrostatic  repulsion,  and  or  steric  hindrance,  is  present  to 
prevent  primary  aggregation. 

For  the  0.04wt%  PAA  10,000  and  PAA  5,000  addition  suspensions,  the  variations 
of  the  relative  viscosity  with  temperature  are  shown  in  Figure  3-14  and  Figure  3-15, 
respectively.  It  seems  that  there  is  a minimum  volume  fraction  of  particles,  0.3,  for  the 
PAA  5,000  addition  suspensions,  and  only  above  this  value  can  the  suspensions  start  to 
show  an  increase  in  the  relative  viscosity  with  temperature.  In  the  percolation  model,  this 
value  is  called  the  gelation  threshold.  For  example,  0.04 wt%  PAA  10,000  and  PAA 
50,000  addition  suspensions  have  a volume  gelation  thresholds  ~ 0. 15  and  0.25, 
respectively.  Increasing  PAA  molecular  weight  also  decreases  the  temperature  where  the 
suspensions  begin  to  show  an  increase  in  relative  viscosity,  which  might  be  due  to  the 
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larger  chain  length  and  surface  adsorption  energy  on  alumina  [95],  Therefore,  larger 
molecular  weight  PAA  would  be  more  efficient  to  cause  gelation  than  lower  molecular 
weight  PAA.  One  problem  that  should  be  addressed  is  that  higher  molecular  weight  of 
PAA  will  increase  the  room  temperature  viscosity,  especially  for  the  highly  loaded 
suspensions.  This  necessitates  a compromise  between  the  volume  fraction  of  particles 
and  the  selection  of  the  molecular  weight  of  PAA. 


Fig.3-14.  Temperature  dependence  of  the  relative  viscosity  of  TIF  alumina  slurries  with 
variation  in  solids  loading  while  keeping  TAC  and  PAA  10,000  constant  at  0.4  and 
0.04wt%,  respectively. 
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Fig.3-15.  Temperature  dependence  of  the  relative  viscosity  of  TIF  alumina  slurries  with 
variation  in  solids  loading  while  keeping  TAC  and  PAA  5,000  constant  at  0.4  and 
0.04wt%,  respectively. 
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Fig.3-16.  Variation  of  the  shear  viscosity  at  shear  rate  20  s'1  with  temperature  for  the 
0.04wt%  PAA,  25wt%  PAA  (molecular  weight  ~ 50,000)  aqueous  solutions  and  water. 
The  temperature  ramp  is  1 °C/min. 


In  order  to  exclude  the  effect  of  the  viscosity  of  PAA  itself  on  the  total  slurry 
viscosity,  variation  of  the  viscosity  of  the  pure  PAA  aqueous  solutions  with  temperature 
are  measured  and  shown  in  Figure  3-16.  It  is  clear  that  the  viscosity  of  the  PAA  solutions 
decreases  with  increasing  temperature.  Therefore,  the  increase  of  the  TIF  alumina  slurry 
viscosity  can  not  be  attributed  to  the  variation  of  the  PAA  intrinsic  viscosity  with 


temperature. 
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3.5  Summary  of  This  Chapter 

TIF  alumina  suspensions  are  successfully  fabricated  by  adding  0.4wt%  of 
ammonium  citrate  powder  and  <0. 1 wt%  poly  (acrylic  acid)  into  the  suspensions. 

The  optimum  amount  of  ammonium  citrate  powder  is  determined  experimentally 
to  be  ~ 0.4wt%  of  the  dry  alumina  particles. 

The  gelation  diagrams  that  related  the  volume  fraction  of  particles  and  PAA 
amount  to  the  gelation  degree  are  experimentally  determined  and  plotted.  The  results 
show  that  ~ 0.04wt%  of  either  PAA50,000  or  PAA  10,000  is  enough  to  flocculate  and  gel 
the  TIF  alumina  suspensions  when  the  volume  fraction  of  particles  is  no  less  than  0.3. 

Incremental  increases  in  the  volume  fraction  of  alumina  increases  the  shear 
viscosity,  which  is  described  by  the  Dougherty-Krieger  equation.  For  the  PAA  50,000 
addition  suspensions,  the  D-K  equation  used  to  fit  the  measured  data  is 
r|r  = [1  -(<(>/  <|>m)] -IT,,  <t>m  = [1  - ((j)  / 0.57)]  ~2'4* °'57,  while  for  the  PAA-free  suspensions, 
the  D-K  equation  is  r|r  = [1  - (<J)  / <j)m)]  ~fT,]  V = [ 1 - (<|>  / 0.64)]  ~218x  0 64. 

Molecular  weight  of  PAA  has  a significant  effect  on  the  25  °C  shear  viscosity  of 
the  alumina  suspensions.  Larger  molecular  weight  PAA  increases  the  shear  viscosity, 
especially  for  the  highly  loaded  suspensions.  Higher  volume  fraction  of  particles 
increases  the  viscosity  more  strongly. 

Higher  molecular  weight  of  PAA  decreases  the  critical  temperature  where  the 
suspension  relative  viscosity  starts  to  increase  rapidly. 


CHAPTER  4 

ELASTIC  PROPERTIES  OF  THE  TIF  AQUEOUS  ALUMINA  SUSPENSIONS  WITH 

PAA  ADDITION 


4,1  Temperature  Dependence  of  the  Shear  Modulus  of  the  Suspensions 

4. 1 . 1 Determination  of  the  Strain  Amplitude  for  Oscillation 

Figure  4-1  illustrates  the  results  of  a typical  strain  sweep  experiment,  showing 
that  the  behavior  of  the  suspension  changes  from  an  elastic  response  (storage  modulus, 

G’  remains  constant)  to  a flow  response  (G’  decreases)  with  increasing  strain  amplitude. 
It  can  be  seen  that  1%  strain  is  in  the  linear  viscoelastic  region  at  a frequency  of  1Hz. 
Therefore,  1%  strain  is  chosen  as  the  strain  amplitude  in  the  following  measurements. 

4.1 .2  Effect  of  the  Volume  Fraction  of  Particles 

Figure  4-2  shows  the  variation  of  the  shear  modulus  with  temperature  for  the  TIF 

alumina  suspensions  with  0.04wt%  PAA  (Mw~50,000)  addition.  The  shear  modulus 
(both  the  storage  modulus  G’  and  the  loss  modulus  G”)  of  all  suspensions  does  not  have 
visible  change  at  lower  temperature,  and  then  it  starts  to  increase  when  the  temperature  is 
raised  to  a certain  value  for  specific  volume  fraction  suspensions.  It  can  also  be  observed 
that  there  is  a “crossover”  between  the  storage  and  loss  modulus  for  all  suspensions 
except  the  0.5  volume  fraction  one,  which  shows  that  G’>G”  in  the  whole  temperature 
range  (Figure  4-2).  Transition  from  “fluid-like”  to  “solid-like”  behavior  takes  place  when 
the  temperature  is  above  this  “crossover”  temperature.  The  results  in  Figure  4-2  also 
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show  that  the  magnitude  of  G’  and  G”  varies  with  volume  fraction  of  particles,  and  a 
higher  volume  fraction  yields  a higher  G’  and  G”  at  each  respective  temperature. 


Fig.4-1.  Variation  of  shear  modulus  with  shear  strain  for  the  40vol%  AKP53  alumina 
suspension  with  0.4wt%  TAC  and  0.04 wt%  PAA  50,000.  The  frequency  is  1Hz. 

Similar  to  the  effect  of  the  volume  fraction  of  particles  on  the  suspension 
viscosity,  the  shear  modulus  is  also  related  to  the  formation  of  aggregates  and  its  growth 
with  increasing  temperature.  When  the  size  of  the  aggregates  is  not  large  enough  to  form 
a space-filling  network,  aggregates  can  only  increase  the  shear  viscosity  of  the 
suspension.  It  is  only  when  the  aggregates  connect  to  form  a space-filling  network  that 
the  suspension  can  start  to  manifest  evident  changes  in  the  storage  modulus,  which  is  in 
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the  “crossover”  point  in  Figure  4-3.  Below  the  “crossover”  temperature,  the  suspension 
behaves  “fluid-like”  and  G”>G\  When  the  temperature  is  raised  higher  than  this 
temperature,  G’>G”,  the  suspension  shows  “solid-like”  character. 


Fig.4-2.  Variation  of  the  shear  modulus  with  temperature  and  volume  fraction  of  alumina 
for  the  TIF  suspensions  with  0.04wt%  PAA  (Mw~50,000)  addition.  The  measurements 
are  conducted  under  1%  strain  and  1Hz.  The  temperature  ramp  is  l°C/min. 


In  lower  volume  fraction  suspensions,  the  bridging  floe  grows  slower  than  that  in 
higher  volume  fraction  suspensions  since  the  number  of  particles  available  is  fewer. 
Therefore,  higher  volume  fraction  suspensions  can  form  percolation  network  easier 
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Fig.4-3.  The  same  plots  as  in  Fig.4-2  to  show  the  “cross-over”. 


than  that  of  the  lower  volume  fraction  suspensions,  which  correspondings  to  the  lower 
“crossover”  temperature  shown  in  Figure  4-3.  But  when  the  volume  fraction  of  alumina 
is  higher  than  0.5,  the  EDL  overlaps.  When  the  interparticle  distance  is  close  to  the 
distance  of  the  primary  minimum,  van  der  Waals  attraction  will  take  effect  and  a weak 
attractive  network  yields.  The  weak  agglomerate  formation  is  thought  to  contribute  to  the 
G’>G”  at  25  °C  for  the  0.5  volume  fraction  suspension. 

The  transition  from  “fluid-like”  to  “solid-like”  behavior  can  also  be  seen  from  the 
variation  of  the  damping  factor  (tan  8 = G”/G’)  with  temperature,  as  is  shown  in  Figure 
4-4.  Before  the  transition  temperature  (the  temperature  of  crossover),  the  damping  factor 
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value  is  large,  which  indicates  that  G”»G\  Above  the  transition  temperature,  the 
damping  factor  value  drops  to  nearly  zero,  indicating  that  G’»G”  and  the  gelation  of  the 
suspensions. 
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Fig.4-4.  Variation  of  the  damping  factor  (tan  5 = G”/G’)  with  temperature  and  volume 
fraction  of  alumina  for  the  same  suspensions  as  shown  in  Fig.4-2  and  Fig.4-3.  All 
suspensions  have  0.4wt%  TAC  and  0.04wt%  PAA  (Mw~50,000).  The  measurements  are 
conducted  under  1%  strain  and  1Hz.  The  temperature  ramp  is  l°C/min. 


4,1.3  Effect  of  the  Amount  of  PAA 

The  effect  of  the  amount  of  PAA  (Mw~50,000)  on  the  variation  of  shear  modulus 
with  temperature  is  shown  in  Figure  4-5,  and  “crossover”  is  also  noticed  in  Figure  4-6. 
This  “crossover”  temperature  decreases  with  increasing  amount  of  PAA,  indicating  that 
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the  space-filling  network  can  be  formed  at  a lower  temperature  when  the  PAA  amount  is 
increased,  because  increasing  PAA  amount  will  increase  the  number  of  aggregates 
formed  by  bridging  floes.  Therefore,  larger  amount  of  PAA  will  enhance  the  formation 
of  the  space-filling  network  and  yield  a lower  “crossover”  temperature.  Figure  4-7  gives 
the  variation  of  damping  factor  with  temperature  for  the  same  suspensions  in  Figure  4-5 
and  Figure  4-6,  and  the  transition  temperature  can  be  easily  determined  from  it. 


Fig.4-5.  The  effect  of  the  amount  of  PAA  (Mw~50,000)  on  the  variation  of  shear 
modulus  with  temperature.  The  volume  fraction  of  alumina  is  0.4.  The  measurements  are 
conducted  under  1%  strain  and  1Hz.  The  temperature  ramp  is  l°C/min. 
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Fig.4-6.  The  same  plots  as  in  Fig.4-4  to  show  the  “cross-over”. 


4.1,4  Effect  of  the  Molecular  Weight  of  PAA 

Figure  4-8  and  Figure  4-9  illustrates  the  influence  of  the  PAA  molecular  weight 
on  the  variation  of  shear  modulus  with  temperature  for  the  0.4  volume  fraction 
suspensions.  It  is  observed  that  increasing  molecular  weight  of  PAA  will  slightly 
increase  the  starting  shear  modulus  value  and  decrease  the  “crossover”  temperature.  The 
corresponding  damping  factors  varying  with  temperatures  are  shown  in  Figure  4-10. 
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Fig.4-7.  Variation  of  the  damping  factor  (tan  8 = G”/G’)  with  temperature  and  the 
amount  of  PAA  for  the  same  suspensions  as  shown  in  Fig.4-5  and  Fig.4-6.  The  volume 
fraction  of  alumina  is  0.4.  The  measurements  are  conducted  under  1%  strain  and  1Hz. 
The  temperature  ramp  is  1 °C/min. 


For  the  suspension  without  PAA  addition,  the  loss  modulus  will  dominate  over 
the  storage  modulus  in  the  experimental  temperature  range.  The  corresponding  value  of 
the  damping  factor  is  very  large  and  does  not  vary  with  increasing  temperature,  as  shown 
in  Figure  4-11.  This  behavior  also  indicates  that  the  suspension  in  the  absence  of  PAA  is 
very  stable  and  the  thermal  energy  is  less  than  the  EDL  repulsive  potential  barrier. 
Therefore,  PAA  is  a crucial  component  in  the  TIF  suspension  to  form  bridging  floes  and 
causes  gelation  of  the  suspensions. 
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Fig.4-8.  Effect  of  the  PAA  molecular  weight  on  the  variation  of  shear  modulus  with 
temperature  for  the  0.4  volume  fraction  suspensions  with  0.04wt%  PAA.  The 
measurements  are  conducted  under  1%  strain  and  1Hz.  The  temperature  ramp  is 
l°C/min. 


The  contribution  from  the  molecular  weight  of  PAA  might  be  due  to  two  aspects. 
First,  the  adsorption  energy  between  PAA  chains  and  alumina  particles  is  higher  for  the 
larger  molecular  weight  PAA.  [95]  Therefore,  larger  molecular  weight  PAA  can  interact 
with  alumina  particles  more  easily  to  form  bridging  floes.  Second,  being  a longer  PAA 
chain,  it  is  likely  that  it  adsorbs  at  multiple  points  on  the  alumina  surface  easier,  thus 
giving  it  a stability  advantage  over  shorter  PAA  chains.  Therefore,  the  “crossover” 
temperature  can  be  lowered  by  larger  molecular  weight  PAA. 
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Fig.4-9.  The  same  plots  as  in  Fig.4-8  to  show  the  “cross-over”. 
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Fig.4-10.  Variation  of  the  damping  factor  for  the  0.4  volume  fraction  of  alumina 
suspensions  with  temperature  and  molecular  weight  of  PAA.  The  suspensions  are  the 
same  as  those  shown  in  Fig.4-8  and  Fig.4-9.  1%  strain,  1Hz,  l°C/min. 
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Fig.4-1 1.  The  damping  factor  for  the  PAA-free  suspension  of  0.4  volume  fraction  of 
alumina.  The  damping  factor  is  very  large  and  does  not  vary  with  increasing  temperature 
indicating  loss  modulus  dominates  over  storage  modulus.  1%  strain,  1Hz,  l°C/min. 


4,2  Time  Dependence  of  the  Shear  Modulus 


The  curves  in  Figure  4-12  demonstrate  the  time  dependence  of  the  suspension 
modulus  at  45  °C  for  0.4  volume  fraction  suspensions  with  PAA  10,000  and  50,000 
addition,  respectively.  It  is  evident  that  both  the  storage  and  the  loss  modulus  of  the 
suspension  with  PAA  50,000  increase  much  more  than  those  of  the  suspension  with  PAA 
10,000  do.  Therefore,  higher  PAA  molecular  weight  can  improve  the  gelation  degree 
under  the  same  experimental  conditions,  but  at  an  expense  of  increasing  the  zero  shear 
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rate  viscosity  that  is  not  favorable  for  the  direct  casting  process.  Since  the  0.4  volume 
fraction  is  above  the  volume  fraction  gelation  threshold,  the  remaining  alumina  particles 
will  fill  in  the  interstice  space  of  the  percolation  network  and  increase  the  density  of  the 
network  and  thus  contribute  to  the  further  increase  of  the  suspension  shear  modulus  with 
temperature  or  time. 


0 1000  2000  3000  4000 


Time  (s) 


Fig.4-12.  Time  dependence  of  the  suspension  modulus  at  45  °C  for  0.4  volume  fraction 
suspensions  with  0.04wt%  PAA  10,000  and  50,000  addition,  respectively.  It  is  evident 
that  both  the  storage  and  the  loss  modulus  of  the  suspension  with  PAA  50,000  increase 
much  more  than  those  of  the  suspension  with  PAA  10,000  do.  The  measurements  are 
conducted  under  1%  strain  at  a frequency  of  1Hz. 


Figure  4-13  gives  the  time  dependence  of  modulus  at  different  temperatures  for 
the  0.4  volume  fraction  AKP53  suspensions  with  0.04  wt.%  PAA  10,000  addition.  It  is 
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very  clear  that  the  magnitude  of  the  shear  modulus  of  the  suspensions  increases  more  at  a 
higher  temperature  than  that  at  lower  temperature,  although  here  there  is  only  5 °C 
difference.  This  might  be  due  to  the  earlier  space  network  formation  and  higher 
particles-polymer  reaction  rate  at  higher  temperature,  then  the  remaining  particles  can  fill 
into  the  interstice  of  network  and  increase  the  density  of  the  network  more  efficiently. 
Therefore,  such  network  shows  higher  shear  modulus. 
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Fig.4-13.  Time  dependence  of  the  suspension  modulus  at  40  and  45°C  for  the  0.4  volume 
fraction  AKP53  suspensions  with  0.04 wt%  PAA  10,000  addition.  The  magnitude  of  the 
shear  modulus  of  the  suspensions  increases  more  at  a higher  temperature  than  at  lower 
temperature.  The  measurements  are  conducted  under  1%  strain  at  a frequency  of  1Hz. 


These  results  also  suggest  that  temperature  is  one  important  parameter  to  control 


the  gelation  degree  of  the  TIF  alumina  suspensions.  Figure  4-14  shows  the  time 
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dependence  of  the  damping  factor.  As  can  be  seen  from  the  curves,  the  damping  factor 
decreases  with  the  treatment  time  at  both  40  °C  and  45  °C,  and  finally  levels  off  to  a 
small  value,  which  indicates  that  the  storage  modulus  is  increasing  much  more  with  time 
than  the  loss  modulus.  The  variations  of  the  damping  factor  with  time  in  Figure  4-13  also 
verify  the  suspension  structure  transitions  from  “fluid-like”  to  “solid-like”  behavior. 
When  the  damping  factor  levels  off  to  a very  small  value  at  the  longer  period  of  time,  the 
storage  modulus  totally  dominates  over  loss  modulus. 


Time(s) 

Fig.4-14.  Time  dependence  of  the  suspension  modulus  at  40  and  45°C  for  the  0.4  volume 
fraction  AKP53  suspensions  with  0.04wt%  PAA  10,000  addition.  The  measurements  are 
conducted  under  1 % strain  at  a frequency  of  1 Hz. 
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4,3  Summary  of  This  Chapter 


The  storage  modulus  and  the  loss  modulus  can  be  used  to  characterize  the 
viscoelastic  properties  of  the  TIF  suspensions.  For  the  suspensions  with  volume  fraction 
less  than  0.5,  there  is  a “crossover”  point  where  above  this  temperature,  the  suspensions 
behave  “solid-like”  with  G’>G”,  and  “fluid-like”  with  G”>G’  when  the  temperature  is 
below  this  transition  point.  This  “crossover”  point  can  be  easily  observed  in  the  damping 
factor  vs.  temperature  plots. 

Higher  volume  fraction  of  particles  tends  to  shift  the  “crossover”  to  a lower 
temperature  and  increases  the  magnitude  of  the  storage  modulus  at  each  respective 
temperature.  Increasing  the  PAA  amount  will  shift  the  “crossover”  to  a lower 
temperature  and  results  in  the  formation  of  a particle  space-filling  network  at  lower 
temperature.  Larger  molecular  weight  of  PAA  tends  to  decrease  the  “crossover” 
temperature  for  the  same  volume  fraction  suspensions  and  enhance  the  formation  of  the 
particle  space-filling  network. 

The  evolution  of  the  shear  modulus  with  time  at  a temperature  shows  that  higher 
temperatures  increase  the  shear  modulus  more  rapidly  than  at  lower  temperature.  Both 
the  storage  and  the  loss  modulus  of  the  suspension  with  PAA  50,000  increases  much 
more  rapidly  than  the  suspensions  with  PAA  10,000.  Therefore,  higher  Mw  PAA  can 
improve  the  gelation  degree  under  the  same  experimental  conditions,  but  at  an  expense  of 
increasing  the  zero  shear  rate  viscosity  that  is  not  favorable  for  a direct  casting  process. 


CHAPTER  5 

PERCOLATION  THEORY  MODEL  FOR  THE  TIF  ALUMINA  SUSPENSIONS 

5. 1 Assumptions  to  the  TIF  Percolation  Gelation  Model 

Experimental  results  in  Chapter  3 and  Chapter  4 showed  that  for  the  PAA 
addition  TIF  alumina  suspensions,  several  processing  parameters  affected  the  rheological 
properties  of  the  TIF  suspensions,  such  as  volume  fraction  of  solids,  dispersant  amount 
and  molecular  weight  of  PAA,  etc.  In  Chapter  2 it  was  also  mentioned  that  aggregation 
would  form  floes  and  grow  in  concentrated  suspensions.  The  formation  of  a space-filling 
network  occurred  when  the  characteristic  size  of  the  floe  was  equal  to  the  total  volume  of 
the  suspension.  Fractal  model  and  percolation  model  had  been  proposed  to  explain  the 
experimental  phenomena,  which  stated  that  the  modulus  of  the  suspension  increased  with 
increasing  volume  fraction  of  the  floes.  In  the  percolation  model,  the  properties  of  the 
investigated  sample  show  “transition”  behavior  around  a threshold  composition.  It  was 
realized  from  the  experimental  results  that  the  temperature  dependence  of  the  viscoelastic 
properties  of  the  TIF  suspensions  also  showed  transition  behavior,  i.e.  gelation. 

Therefore,  the  author  thought  that  the  variation  of  the  shear  modulus  with  temperature  for 
the  TIF  suspensions  could  be  described  using  the  percolation  theory  model  if  the  particle 
percolative  network  did  form.  The  following  assumptions  are  proposed  to  evaluate  the 
evolution  of  the  microstructure  of  the  TIF  suspensions  when  the  temperature  is  raised. 
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(1)  Aggregate  forms  because  of  bridging  flocculation,  which  arises  from  the 
interaction  between  particles  and  polymer  chains  with  increasing  temperature. 

(2)  The  number  of  aggregates  formed  might  be  affected  by  the  magnitude  of  the 
EDL  repulsive  potential  between  particles,  the  initial  volume  fraction  of 
particles  and  the  amount  of  the  polymer. 

(3)  The  size  of  aggregates  grows  with  increasing  temperature. 

(4)  Viscoelastic  properties,  such  as  storage  modulus  and  shear  viscosity,  increase 
with  the  number  density  of  the  stress  carrying  bonds. 

(5)  TIF  alumina  suspension  has  a volume  fraction  threshold,  above  which  the 
slurry  can  be  gelled  to  form  a continuous  filling  network  as  the  temperature  is 
raised.  This  volume  fraction  threshold  should  vary  with  the  molecular  weight 
of  PAA  because  of  the  increasing  possibility  of  the  interactions  between  PAA 
chains  and  particles. 

(6)  There  is  a temperature  threshold  that  is  related  to  the  balance  of  the  thermal 
energy,  the  particle/PAA  adsorption  energy,  van  der  Waals  attraction  potential 
and  the  EDL  repulsive  potential.  This  temperature  should  decrease  with 
increasing  molecular  weight  of  PAA. 

(7)  A new  concept,  the  effective  volume  fraction  of  particles,  ^eti,  is  introduced. 
Compared  with  the  initial  volume  fraction  of  particle  (fo),  far  increases  with 
temperature  because  of  the  growth  of  the  aggregate  floe  and  it  reaches 
maximum  value  of  1 in  the  completely  gelled  suspension. 


5,2  Continuous  Percolation  Theory  Model 


Considering  the  high  order  of  stochastic  geometry  in  concentrated  suspensions, 
and  the  disorder-generating  statistical  variable  (stable  region  / aggregates)  being 
superimposed  on  a background  structure  that  is  itself  topologically  disorder  (no  lattice  for 
aggregates  positions),  the  space  filling  network  in  TIF  suspension  is  treated  as  continuous 
percolation.  The  whole  system  of  a concentrated  suspension  has  a two-fold  disorder, 
statistical  (for  the  state  of  aggregates  to  link  to  each  other)  and  geometrical  (for 
background  structure). 
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Adopting  the  similar  form  as  Eq.  (2-17)  to  relate  the  storage  modulus  with  the 
volume  fraction  and  temperature  of  the  TIF  alumina  suspensions,  Eq.  (5-1)  is  obtained. 

G’  (T,  # = G'o  (T)  • [<4fr  (T)  /&  - 1]  * (5-1) 

where  (4ff  is  the  effective  volume  fraction  of  the  floes  instead  of  the  initial  volume 

fraction  $>.  The  concept  of  <fkn  can  be  thought  as  the  total  volume  of  the  particles  in  a 
aggregate  and  the  volume  of  the  solvent  trapped  inside  the  backbone  of  the  aggregate, 
where  ^Cff  ^ <(>o-  is  the  volume  fraction  gelation  threshold.  G’o  (T)  is  a reflection  of  the 
strength  of  the  aggregate  backbone,  which  might  vary  with  the  molecular  weight  of 
polymer  and  the  deviation  from  the  thermal  equilibrium  condition.  The  exponent,  s is 
related  to  the  microstructure  of  the  network,  which  can  be  taken  as  s « 2 - 5 [96-100], 
Considering  the  intrinsic  similarities  (i.e.  by  thermal  activation)  between  the 
formation  and  growth  of  the  aggregate  floes  in  the  TIF  suspension,  and  the  nucleation 
and  growth  of  crystalline  phase  from  solution,  G'o  (T)  and  are  defined  as  the 
expressions  shown  in  Eq.  (5-2)  and  Eq.  (5-3),  respectively. 

G'o  (T)  = Go  • e PT  (5-2) 

$sff(T)  = $>  • e 'iU,*T  . F (AT)  (5-3) 

where  ^ is  initial  volume  fraction  of  powders,  AU  is  the  total  interaction  energy  barrier 
for  particles  to  overcome  to  form  agglomerate  floes,  Go  is  a constant  that  relates  to  the 
interparticle  bonding  strength,  and  F (AT)  is  a function  of  the  temperature  and  reflects 
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the  effect  of  temperature  on  the  growth  of  the  agglomerate  floes.  The  parameter  p varies 
with  material  system  and  temperature  ramp  rate,  k is  the  Boltzmann  constant. 

Assume  F (AT)  has  the  following  form 


FfATl-eVV^V'V 


(5-4) 


Then  the  final  expression  for  the  storage  modulus  is 


G'  (T,  ft)  - Go  • e "T  • {*,• e 


-AU/AT 


d .[d  + (T-T  )/T  ] / 2 n 
•Cl  2 0 0 / ^g-1) 


(5-5) 


where  di  and  d2  are  constants.  To  is  the  characteristic  temperature  for  a molecular  weight 
polymer  system,  and  To  is  independent  with  the  amount  of  polymer  and  volume  fraction 
of  particles.  The  physical  meaning  of  To  might  be  the  balance  temperature  between  the 
repulsive  interaction  potential  and  the  affinity  potential  that  ties  particles  together  to  form 
agglomerates,  i.e.  the  thermal  energy,  the  particle/PAA  adsorption  energy,  van  der  Waals 
attraction  potential  and  the  EDL  repulsive  potential. 


5,3  Calculation  Results  Using  the  Model 


In  this  section  the  calculated  results  using  Eq.  (5-5)  will  be  given  and  discussed. 
Several  parameters  in  the  equation  were  fixed  during  calculation:  di  = 1.3,  d2  = 0.1,  P = 
0.016  K"1. 
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5.3,1  Effect  of  Go  and  AU  on  the  Storage  Modulus 

Figure  5-1  shows  how  the  magnitude  of  Go  affects  the  storage  modulus  of  the  0.4 

volume  fraction  suspensions.  Figure  5-2  shows  the  3D  plots  that  relate  the  storage 
modulus  with  Go  and  temperature.  It  is  obvious  that  increasing  Go  can  increase  the  value 
of  storage  modulus,  G’ . As  mentioned  above.  Go  is  indicative  of  the  bonding  strength 
between  particles;  and  higher  interparticle  strength  will  form  a stronger  particle 
percolation  network  and  can  transport  larger  stress  along  the  backbone  of  the  clusters. 
Therefore,  the  storage  modulus  will  increase  with  increasing  of  Go. 


Fig.5-1.  The  Go  dependence  of  the  storage  modulus  using  Eq.(5-5).  Other  parameters  are 
()>  = 0.4,  p = 0.016  K"1,  s = 2.5,  <|)g  = 0.2,  di  = 1.3,  T0=  55  °C,  and  AU  = -50  eV. 
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Temperature  (°C) 


Fig.5-2.  3D  plots  using  Eq.(5-5)  to  relate  the  storage  modulus  with  Go  and  temperature. 
Other  parameters  are  <j)  = 0.4,  |3  = 0.016  K-1,  s = 2.5,  (|)g  = 0.2,  di  = 1.3,  T0=  55  °C,  and 
AU  = -50  eV. 

5,3.2  Effect  of  Initial  Volume  Fraction  do  on  the  Storage  Modulus 

Figure  5-3  gives  the  calculated  results  of  the  temperature  dependence  of  the 

storage  modulus  while  varying  the  volume  fraction  of  solids,  <fo,  in  the  suspensions. 

During  calculations,  the  volume  fraction  threshold  is  set  as  = 0.2;  and  the  characteristic 

temperature  is  assumed  as  T0  = 55  °C.  The  exponent  factor  iss  = 2.5.  As  can  be  seen 

from  the  plots,  larger  volume  fraction  of  solids  yields  a higher  storage  modulus  value  at  a 
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given  temperature.  Since  the  volume  fraction  threshold  is  0.2,  all  the  suspensions  show 

t 

increasing  storage  modulus  as  the  temperature  is  raised  when  the  volume  fraction  is 

larger  than  0.2.  There  is  no  significant  variation  of  G’  for  the  0. 1 volume  fraction  particle 
suspension. 
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Fig-5-3.  The  effect  of  volume  fraction  on  the  storage  modulus.  Other  parameters  are  (3  = 
0.016  K_1,  s = 2.5, 4>g  = 0.2,  di  = 1 .3,  T0  = 55  °C,  AU  = -50  eV,  Go  = 0.5.  (x)  <|>  = 0.1, 

(■)  * = 0.2,  (A)  4»  = 0.25,  (•)  * = 0.3,  (+)  * = 0.4,  (□)  * = 0.5,  ( A)  <J)  = 0.6,  (O)  * = 
0.65. 


The  volume  fraction  dependence  of  the  storage  modulus  at  various  temperatures 
is  computed  and  shown  in  Figure  5-4.  During  calculations,  the  parameters  are  chosen  as 

<t>%  ~ 0.2,  To  = 55  °C,  s = 2.5,  Go  = 5 and  AU  = -50  eV.  The  plots  clearly  manifest  a 
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storage  modulus  increase  with  the  volume  fraction  of  the  suspension  in  a power  law 
relationship  as  is  shown  in  Eq.  (5-5).  The  plots  also  show  that  at  higher  temperature,  the 
storage  modulus  starts  to  increase  at  a volume  fraction  that  is  smaller  than  ^g.  Higher 
volume  fraction  of  particles  will  give  a dense  aggregate  network  and  therefore  can  sustain 
larger  stress  before  breaking,  and  therefore  yields  a higher  storage  modulus  value. 


Volume  Fraction  of  Solids 

Fig.5-4.  Volume  fraction  of  solids  dependence  of  the  storage  modulus  at  different 
temperature.  Other  parameters  are  p = 0.016  K_1,  s = 2.5,  $g  = 0.2,  di  = 1.3,  T0  = 55  °C, 

AU  = -50  eV,  G0=  5.  At  (■)  T = 25  °C,  (A)  T = 35  °C,  (•)  T = 45  °C,  (□)  T = 55  °C, 

(A)  T = 65  °C,  (O)  T = 75  °C. 


The  power  law  dependence  of  shear  modulus  on  volume  fraction  of  particles  has 
been  documented  often  in  the  literature.  Some  investigators  suggest  that  there  is  a simple 
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function  to  relate  the  storage  modulus  with  the  volume  fraction  as  G’  oc  <j>",  considering 
that  the  particle  connectivity  is  very  tortuous  at  all  volume  fractions  so  that  many 
interpenetrating,  percolative  paths  exist  to  support  applied  pressures  at  high  volume 
fractions.  For  example.  Sen  et  al.  proposed  a model  for  such  a tortuous  network  and 
yielded  n = 4.4  [96],  During  modeling,  they  changed  the  volume  fraction  of  particles  by 
randomly  removing  particles  from  a periodic  array  (face-centered  cubic)  of  identical, 
spherical  particles.  The  results  of  Yanez  et  al.  showed  that  n = 4.75  ± 0.25  for  the 
attractive  alumina  particle  networks  in  aqueous  slurries  [97],  Sonntag  and  Russel  have 
found  n to  be  2.5  and  4.4  for  fresh  and  aged  polystyrene  networks,  respectively  [98], 

Shih  et  al.  have  experimentally  determined  that  n = 4. 1 for  the  modulus  of  agglomerated, 
platelike,  boehmite  alumina  crystallites  [99],  Buscall  et  al.  have  found  n = 4.3  for  the 
compressive  yield  stress  of  polystyrene  latex  systems  aggregated  with  barium  chloride 
[100],  It  is  clear  that  these  large  values  of  n are  due  to  the  percolative  nature  of  particle 
networks. 

5.3.3  Effect  of  Characteristic  Temperature  7oon  the  Storage  Modulus 

Figure  5-5  shows  how  the  characteristic  temperature  To  affects  the  temperature 

dependence  of  storage  modulus.  During  calculation,  the  parameters  are  set  as  <f>%  = 0.2,  s 

= 2.5,  Go  = 0.5,  <|)o  = 0.4  and  AU  = -50  eV.  The  plots  show  that  reducing  To  can  increase 
the  storage  modulus  value  dramatically.  It  seems  that  smaller  T0  gives  a sharper 
“transition”  from  “fluid-like”  to  “solid-like”  starting  from  a lower  temperature.  It  is 
assumed  that  the  value  of  To  is  related  to  the  molecular  weight  of  the  polymers  added  to 
the  suspensions.  Higher  molecular  weight  of  polymers  gives  a smaller  value  of  To. 
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Fig.5-5.  The  effect  of  varying  To  only  on  the  storage  modulus  for  0.4  volume  fraction 
suspensions.  The  parameters  are  <|>  = 0.4,  (3  = 0.016  K"1,  s = 2.5,  <t>g  = 0.2,  di  = 1.3,  AU  = 

-50  eV,  and  Go  =0.5.  (+)T0=80°C,  (□)T0=70°C,  (A)T0=55°C,  (O)T0=40°C. 


5.3.4  Effect  of  Volume  Fraction  Threshold  d>zon  the  Storage  Modulus 

The  volume  fraction  threshold,  ^g,  is  also  related  to  the  molecular  weight  of 

polymers  when  its  amount  is  just  enough  for  bridging  flocculation.  Higher  molecular 
weight  of  polymers  yields  a smaller  value  of  <f>%.  For  large  amount  of  polymer  addition 
suspensions,  the  tf>%  can  be  reduced  even  more.  In  most  cases,  ^gand  To  need  change  at 


the  same  time. 
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Fig.5-6.  The  effect  of  varying  gelation  threshold  on  the  storage  modulus  for  0.4  volume 
fraction  suspensions.  The  parameters  are  <j>  = 0.4,  p = 0.016  K_1,  s = 2.5,  dt  = 1.3,  AU  = 

-50  eV,  G0  - 0.5,  T0  = 55  °C.  (+)  4>g  = 0.05,  («)<|)g  = 0.1,  (A)  4>g  = 0.15,  (•)  <|>g  = 0.2, 

(□)<|>g  = 0.25,  (A)  <j>g  = 0.3,  (O)  <|)g  = 0.4. 


Figure  5-6  shows  how  the  storage  modulus  varies  with  temperature  for  different 
values  of  ^g.  The  volume  fraction  of  the  suspensions  is  0.4.  It  is  evident  that  smaller 
volume  fraction  threshold  produces  a higher  value  of  the  storage  modulus.  The  sharper 
“transition”  also  happens  at  lower  temperature  for  smaller  <j)%.  Since  <f>%  is  the  minimum 
amount  of  particles  in  the  suspensions  to  form  a connective  network;  therefore,  lowering 
this  threshold  can  result  in  more  remaining  particles  to  join  the  building  of  the  percolation 
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network  so  that  a denser  backbone  of  the  aggregates  is  produced.  If  the  value  of  ^g  is 
very  large,  such  as  0.4,  the  calculation  shows  that  the  suspension  storage  modulus  has  no 
significant  change  over  the  temperature  range. 

Altering  (j)%  and  To  at  the  same  time  can  tailor  the  “sharpness”  of  the  “transition” 
and  the  magnitude  of  the  low  temperature  storage  modulus,  as  is  shown  in  Figure  5-7. 
These  results  agree  with  the  experimental  data  better  than  those  results  by  only  varying 
either  one  parameter. 
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Fig.5-7.  The  effect  of  varying  gelation  threshold  and  To  at  the  same  time  on  the  storage 
modulus  for  0.4  volume  fraction  suspensions.  The  parameters  are  § = 0.4,  p = 0.016  KT1, 

s = 2.5,  di  = 1.3,  AU  = -50  eV,  G0=  0.5.  (+)  <|>g  = 0.05,  T0  = 30  °C;  (□)  <(>g  = 0.1,  T0  = 35 

°C;  (A)  <J)g  = 0.15,  T0  = 45  °C;  (O)  <!>g  = 0.2,  T0=  55  °C;  (■)  <|)g  = 0.25,  T0=  65  °C;  (A)  <|>g 

= 0.3,  T0=  70  °C;  (•)  4>g  = 0.4,  T0=  80  °C. 
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5,3.5  Effect  of  Exponent  s on  the  Storage  Modulus 

Figure  5-8  and  Figure  5-9  shows  the  effect  of  exponent  s on  the  temperature 

dependence  of  the  storage  modulus.  It  is  apparent  from  the  plots  that  larger  s value  gives 
a “sharper”  “transition”  trend  as  predicted  by  the  exponential  power  law.  One  interesting 
result  is  the  “crossover”  of  the  plots  at  T « 50  °C.  Below  this  “crossover”  temperature,  a 
larger  s value  gives  a lower  storage  modulus.  Above  this  “crossover”  temperature,  the 
change  is  the  reverse.  Larger  values  of  s are  due  to  the  more  extensive  percolative  nature 
of  particles. 


Fig.5-8.  The  effect  of  exponent  s on  the  storage  modulus  for  0.4  volume  fraction 
suspensions.  The  parameters  are  <|)  = 0.4,  P = 0.016  K_1,  di  = 1.3,  AU  = -50  eV,  G0=  0.5, 

<t>g  = 0.2,  To  = 55  °C.  (+)  s =1.0,  (□)  s =2.0,  (A)s  =2.5,  (O)s  =3.0,  (▲)  s =4.0, 

(#)s  =4.5. 
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Fig.5-9.  3D  plots  to  illustrate  the  variation  of  the  storage  modulus  with  the  value  of 
exponent  s and  temperature  calculated  from  Eq.  (5-5).  The  parameters  are  <|>  = 0.4,  p = 
0.016  K"1,  di  = 1.3,  AU  = -50  eV,  G0=  0.5,  <(>g  = 0.2,  T0=  55  °C. 

5.4  Determination  of  the  Parameters  from  Experiments 

According  to  the  above  calculations,  it  can  be  seen  that  several  parameters  are 
critical  for  us  to  understand  the  percolation  nature  of  the  TIF  alumina  suspensions.  The 
exponent,  s reflects  the  nature  of  the  particle  percolation  structure,  and  the  gelation 
threshold,  ^g,  gives  the  minimum  volume  fraction  of  particles  under  the  experimental 
conditions  to  form  a space-filling  percolation  network.  The  pre-exponent  coefficient. 
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G’o(T),  reflects  the  stiffness  and  strength  of  the  backbone  of  the  percolation  network. 

The  following  section  discusses  how  to  determine  these  three  parameters. 

5.4,1  Determination  of  the  Volume  Fraction  Threshold.  <t>z 

The  volume  fraction  gelation  threshold  is  the  minimum  amount  of  alumina 

particles  required  to  form  a continuous  percolation  network  when  the  amounts  of  other 
components  are  fixed.  Since  the  basic  idea  of  percolation  theory  is  the  existence  of  a 
sharp  transition  at  which  the  long-range  connectivity  of  the  system  disappears  or  appears, 
this  transition  occurs  abruptly  when  some  generalized  density  in  this  system  reaches  a 
critical  value  (percolation  threshold).  Here  it  is  proposed  to  use  the  temperature 
dependence  of  the  shear  modulus  to  find  the  volume  fraction  gelation  threshold,  and  the 
oscillation  mode  of  1 % strain  and  1 Hz  frequency  is  taken.  The  reason  for  using  storage 
modulus  is  that  it  reflects  the  elastic  response  of  the  suspension  structure  to  the  shear 
stress.  It  is  only  after  the  formation  of  a particle  space-filling  network  that  the  suspension 
can  show  an  abrupt  change  in  storage  modulus  such  that  the  suspension  manifests  the 
solid-like  behavior  to  withstand  deformation. 

Figure  5-10  is  the  temperature  dependence  of  shear  modulus  for  the  alumina 
suspensions  with  0.04 wt%  PAA  of  Mw~50,000.  From  these  curves,  it  can  be  seen  that 
both  the  storage  and  loss  modulus  do  not  experience  change  when  the  volume  fraction  of 
particles  is  0. 1 . At  0. 1 5 volume  fraction,  the  storage  modulus  shows  some  increase  at 
about  80  °C,  but  the  magnitude  is  rather  small.  When  the  volume  fraction  is  above  0. 15, 
all  suspensions  show  significant  variation  of  storage  and  loss  modulus  with  temperature. 
Therefore,  a conclusion  can  be  drawn  from  our  above  assumptions  that  the  critical 
volume  fraction  of  alumina  with  PAA  50,000  addition  is  about  0.15,  or  <j>%  ~ 0.15. 
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Fig.5-10.  The  temperature  dependence  of  shear  modulus  for  the  alumina  suspensions 
with  0.04wt%  PAA  of  Mw~50,000.  The  filled  symbols  are  for  loss  modulus,  and  the 
empty  symbols  are  for  storage  modulus.  The  volume  fraction  gelation  threshold  can  be 
determined  to  be  around  0.15.  The  measurements  are  conducted  at  1%  strain  and  1Hz, 
with  a temperature  ramp  of  1 °C/min. 


Figure  5-1 1 gives  the  temperature  dependence  of  the  damping  factor  of  the  same 
suspensions  with  respective  to  Figure  5-10.  The  sharp  decrease  of  the  damping  factor 
with  temperature  indicates  that  the  suspension  microstructure  has  a relatively  dramatic 
change  when  the  temperature  of  the  suspension  is  above  a specific  point.  The  smaller  the 
value  of  the  damping  factor  is,  the  more  significantly  the  storage  modulus  dominates  over 
the  loss  modulus  for  the  suspension.  Figure  5-11  shows  that  the  damping  factor  of  the 
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suspension  starts  to  show  this  type  of  “transition”  behavior  when  the  volume  fraction  of 
particles  is  above  the  gelation  threshold  over  the  experimental  temperature  range.  For  the 
suspensions  that  the  volume  fraction  of  particles  is  less  than  the  gelation  threshold,  the 
damping  factor  data  are  scattered  randomly. 
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Fig.5-11.  Variation  of  damping  factors  with  temperature  for  the  suspensions  in  Fig.5-10. 
Measurements  are  conducted  at  1%  strain  and  1Hz,  the  temperature  ramp  is  1 °C/min. 


The  amount  of  PAA  should  be  a concern  to  determine  the  volume  fraction 
gelation  threshold,  because  the  probability  of  the  interaction  between  PAA  molecular 
chains  will  be  increased  with  the  increment  of  PAA.  Figure  5-12  gives  the  temperature 
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dependence  of  the  shear  modulus  for  the  1 0vol%  alumina  suspensions  with  the  PAA 
(Mw~50,000)  amount  fixed  as  0.04wt%,  0.5wt%,  1.0wt%  and  1.5wt%,  respectively. 
Here  the  slurry  loading  is  chosen  as  10vol%  because  it  is  just  below  the  gelation 
threshold  determined  above,  15vol%.  It  seems  that  up  to  PAA  amount  of  1.0 wt%,  the 
10vol%  suspensions  do  not  have  a significant  change  in  storage  modulus  during  the 
experimental  temperature  range.  When  the  PAA  amount  is  1.5wt%,  the  storage  modulus 
did  show  increase  when  T > 70  °C  and  reach  a maximum  value  of  about  50  Pa  at  85  °C. 


Fig.5-12.  Effect  of  the  amount  of  PAA  (Mw~50,000)  on  the  variation  of  storage  modulus 
with  temperature  for  the  10vol%  alumina  suspensions.  It  seems  that  up  to  1.0wt%  PAA, 
the  suspensions  do  not  have  a significant  change  in  storage  modulus.  The  measurements 
are  conducted  at  1%  strain  and  1Hz,  with  a temperature  ramp  of  1 °C/min. 
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This  increase  in  storage  modulus  at  relatively  higher  amount  of  PAA  (>1.5wt%) 
indicates  the  formation  of  the  particle  percolative  microstructure,  because  a larger  amount 
of  PAA  tends  to  form  more  agglomerates.  But  in  the  concentration  range  of  PAA  in  our 
TIF  suspensions  («  0.5wt%),  the  conclusion  can  be  drawn  that  the  amount  of  PAA  will 
not  have  a significant  effect  on  the  volume  fraction  gelation  threshold  of  the  AKP 
alumina  particles. 

Another  issue  will  be  whether  the  volume  fraction  gelation  threshold  varies  with 
the  molecular  weight  of  PAA  because  the  polymer  chain  length  varies.  Figure  5-13  and 
Figure  5-14  demonstrate  the  temperature  dependence  of  storage  modulus  and  damping 
factor  for  the  0.04 wt%  PAA  10,000  addition  suspensions  with  variation  in  the  volume 
fraction  of  the  alumina  particles.  Similar  procedures  can  be  used  to  determine  that  the 
volume  fraction  gelation  threshold  for  these  suspensions  is  about  0.20,  or  </>%  ~ 0.20.  For 
the  0.04wt%  PAA  (Mw~5,000)  addition  suspensions  shown  in  Figure  5-15  and 
Figure  5-16,  the  volume  fraction  gelation  threshold  can  be  taken  as  <j>%  ~ 0.35. 

Therefore,  it  seems  that  for  the  0.04wt%  PAA  alumina  suspension,  the  volume 
fraction  gelation  threshold  decreases  with  increasing  molecular  weight  of  PAA.  This 
might  be  due  to  the  higher  adsorption  energy  between  the  longer  polymer  chains  and 
particles.  Therefore,  bridging  flocculation  will  occur  more  readily  when  higher 
molecular  weight  PAA  is  used.  As  a result,  less  amount  of  particles  are  required  to  form 
the  percolation  network  in  the  suspension  with  increasing  temperature. 
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Fig.5-13.  Variation  of  the  shear  modulus  with  temperature  for  the  0.04wt%  PAA  10,000 
addition  suspensions.  The  volume  fraction  gelation  threshold  is  about  0.2.  Measurements 
are  conducted  at  1%  strain  and  1Hz,  with  a temperature  ramp  of  1 °C/min. 
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Fig.5-14.  The  corresponding  damping  factors  to  Fig.5-13. 
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Fig.5-15.  Variation  of  the  shear  modulus  with  temperature  for  the  0.04wt%  PAA  5,000 
addition  suspensions.  The  volume  fraction  gelation  threshold  is  about  0.3.  Measurements 
are  conducted  at  1%  strain  and  1Hz,  with  a temperature  ramp  of  1 °C/min. 
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Fig.5-16.  The  corresponding  damping  factors  to  Fig.5-15. 


5.4,2  Determination  of  the  Percolative  Microstructure  Exponent,  s 

Considering  the  growth  of  the  agglomerate  floes  with  temperature,  the  effective 
volume  that  is  occupied  by  the  growing  floes  and  the  formation  of  percolation  network 
will  require  determination  of  the  percolative  microstructure  exponent.  Change  Eq.  (6-7) 
to  the  following  form: 

G’  (T,  fa)  = G’o(T)  • {fa  • e ’AlJ/*T  • e W ^V'V  / ^-1} s (6-8) 

Take  logarithm  to  both  sides  of  the  equation  and  we  get 
In  G’  = s • In  { fa  • e ' AU ' *T  • e V [d2  + (T_T0)  r T0 1 / fa  -1 } + /h(G’0(T)) 


(6-9) 
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If  this  percolation  model  can  reflect  the  intrinsic  nature  of  the  gelation  for  the  TIF 
suspensions,  plotting  In  G’  ~ln{<fo-  e 'AU/AT  • edr(d2+  (T~T0)  1 T0 1 / <z>g- 1}  should  yield  a 
straight  line  with  slope,  s,  for  all  volume  fraction  suspensions  when  $)>^g 

During  the  calculation  and  plotting.  In  { tfo  ■ e ' AU ' *T  • e di ' td2  + (T_To)  1 To 1 / </>g  -1 } 
was  denoted  as  In  {x}  for  simplicity.  The  volume  fraction  of  the  suspensions  are  varied 
from  0.3  to  0.5  with  0.04wt%  PAA  (Mw~50,000)  addition.  G’  takes  the  measured 
storage  modulus  value  at  the  same  temperature  as  in  the  calculation  of  In  {x}.  AU,  di,  d2 
are  fixed  to  values  of  - 50  eV,  1.3  and  0.1,  respectively.  The  value  used  for  <j>g  was 
determined  in  section  5,4,1  of  this  Chapter.  For  example,  ^g  is  about  0. 15  for  the 
0.04wt%  PAA  (Mw~50,000)  addition  alumina  suspensions. 

Figure  5-17  gives  the  results  for  the  0.04wt%  PAA  of  Mw~50,000  addition 
suspensions  while  fixing  To  = 30  °C.  The  value  of  To  can  be  estimated  from  the 
temperature  dependence  of  the  relative  viscosity  of  the  40vol%  alumina  suspensions  with 
0.04wt%  PAA  addition  (see  Chapter  3).  To  should  be  smaller  than  the  critical  temperature 
where  the  relative  viscosity  starts  to  increase,  because  only  after  the  bridging  floes  grow 
to  a size  large  enough  can  they  increase  the  suspension  viscosity  measurably.  The 
variation  of  To  with  PAA  molecular  weight  is  summarized  and  shown  in  Table  5-1.  The 
data  points  below  the  line  of  In  G’  = 0 are  those  that  do  not  fall  in  the  percolative  network 
region  because  the  network  does  not  yet  form  in  the  low  temperature  range.  Therefore, 
these  points  are  not  counted.  The  points  that  are  far  above  the  line  of  /«G’  = 0 are  those 
in  which  the  percolation  network  has  been  formed  at  the  respective  temperature  and 
volume  fraction  of  particles.  These  points  can  be  fitted  to  a straight  line  with  slope  of 
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about  4.6  and  an  intercept  on  the  In  G’  axis  of  - 4.0  when  In  {x}  = 0.  Therefore,  s ~ 4.6 
and  /«(Go  • e pT)  = - 4.0,  or  G0  • e pT  ~ 0.02  Pa. 

Similar  procedures  are  taken  to  treat  the  0.04wt%  PAA  of  Mw~ 10,000  and 
Mw~5,000  alumina  suspensions,  which  are  shown  in  Figure  5-18  and  Figure  5-19.  From 
the  slopes  of  the  In  G’  ~ In  {x}  plots  and  the  intercept  on  the  In  G’  axis,  the  values  of  s 
and  Go  • e pT  are  obtained  and  summarized  in  Table  5-1. 
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Fig.5-17.  Exponent  s determination  for  AKP53  alumina  slurries  with  0.04wt%  PAA 
(Mw~50,000).  Measurements  are  conducted  at  1%  strain,  1Hz,  and  a temperature  ramp 
of  1 °C/min.  The  points  below  the  line  InG ’=  0 are  thought  to  be  away  from  the 
formation  of  the  percolation  network.  The  volume  fraction  of  the  suspensions  is  varied 
from  0.3  to  0.5.  The  same  type  marks  are  for  different  volume  fraction  suspensions  at  the 
same  temperature. 
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Fig.5-18.  Exponent  s determination  for  AKP53  alumina  slurries  with  0.04wt%  PAA 
(Mw~ 10,000).  Measurements  are  conducted  at  1%  strain,  1Hz,  and  a temperature  ramp 
of  1 °C/min.  The  points  below  the  line  InG  - 0 are  thought  to  be  away  from  the 
formation  of  the  percolation  network.  The  volume  fraction  of  the  suspension  is  varied 
from  0.3  to  0.5.  The  same  type  marks  are  for  different  volume  fraction  suspensions  at  the 
same  temperature. 
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Fig.5-19.  Exponent  s determination  for  AKP53  alumina  slurries  with  0.04wt%  PAA 
(Mw~5,000).  Measurements  are  conducted  at  1%  strain  and  frequency  of  1Hz,  and  a 
temperature  ramp  of  1 °C/min.  TO  = 50  °C,  4>g=0.35.  The  points  below  the  line  lnG  = 0 
are  thought  to  be  away  from  the  formation  of  the  percolation  network.  The  volume 
fraction  of  the  suspension  is  varied  from  0.3  to  0.5.  The  same  type  marks  are  for 
different  volume  fraction  suspensions  at  the  same  temperature. 
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Table  5-1.  Effect  of  PAA  Molecular  Weight  on  the  Parameters  in  Eq.  (5-5). 


PAA 

Mw~50,000 

PAA 

Mw~  10,000 

PAA 

Mw~5,000 

s 

~ 4.6 

~ 5.5 

- 6.0 

Go’ 

~ 0.02  Pa 

-0.57  Pa 

-33  Pa 

^g 

l 

o 

• 

-0.20 

-0.35 

To 

~ 30  °C 

-40  °C 

-50  °C 

The  data  in  Table  5-1  illustrate  that  the  values  of  all  four  parameters  increase  with 
decreasing  PAA  molecular  weight.  Large  values  of  s are  due  to  the  percolative  nature  of 
particle  networks  [96-100].  Smaller  s values  with  respect  to  the  higher  molecular  weight 
of  PAA  reflect  the  weaker  percolative  nature  in  the  suspensions,  which  might  be  due  to 
the  more  significant  effect  of  the  interactions  of  polymer/particle  instead  of  the 
particle/particle  to  form  agglomerates  during  the  percolative  network  formation. 
Therefore,  lower  molecular  weight  PAA  addition  suspensions  exhibit  a more  significant 
percolative  nature  of  particle  networks.  The  larger  <f>g  value  for  PAA  of  Mw~5,000 
addition  suspensions  also  supports  this  conclusion  because  more  particles  are  involved  to 
form  the  particle  percolation  networks. 

As  mentioned  in  the  introduction  section  of  this  chapter.  Go  is  a reflection  of  the 
particle  network  stiffness  and  is  expected  to  be  positively  related  to  the  number  density  of 
polymer  chains  and  the  weight  percent  of  polymer  in  the  suspension. 

T0  increases  with  the  decreasing  of  the  PAA  molecular  weight  for  the  same 
volume  fraction  alumina  suspensions,  which  might  be  attributed  to  the  smaller  magnitude 
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of  the  polymer/particle  interaction  so  that  more  thermal  energy  is  required  to  overcome 
the  repulsive  energy  barrier  before  the  formation  of  bridging  floes. 

The  effect  of  the  amount  of  PAA  on  the  value  of  s was  also  studied.  The  results 
show  that  the  s value  decreases  to  ~ 4 for  the  0.5wt%  PAA  50,000  addition  suspensions 
compared  to  ~ 4.6  for  the  0.04wt%  PAA  50,000  suspensions  (Figure  5-20).  The  value  of 
Go’  (=  Go  • e pT)  increases  by  more  than  five  times  from  ~ 0.02  Pa  to  ~ 0. 12  Pa. 

Therefore,  the  value  of  Go  • e pT  increases  with  the  amount  of  PAA  in  the  suspensions, 
but  the  percolation  network  nature  of  the  particles  decreases  with  the  increment  of  PAA 
addition,  which  is  reflected  by  the  decrease  of  the  value  of  s. 
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Fig.5-20.  Exponent  s determination  for  the  AKP53  alumina  slurries  with  0.5wt%  PAA 
(Mw~50,000).  Measurements  are  conducted  at  1%  strain,  1Hz,  and  a temperature  ramp 
of  1 °C/min.  TO  = 30  °C,  <j)g=0. 15.  The  points  below  the  line  lnG  = 0 are  thought  to  be 
away  from  the  formation  of  the  percolation  network.  The  volume  fraction  of  the 
suspension  is  varied  from  0.3  to  0.5.  The  same  type  marks  are  for  different  volume 
fraction  suspensions  at  the  same  temperature. 


5.5  Comparison  of  the  Calculated  and  Experimental  Results 

5,5, 1 Effect  of  Volume  Fraction  of  Particles  on  the  Storage  Modulus.  G’ 

Figure  5-21  shows  both  the  calculated  results  using  Eq.  (5-5)  and  the  measured 

data  for  the  0.04wt%  PAA  (Mw~50,000)  addition  alumina  suspensions.  The  volume 
fraction  of  particles  for  each  suspension  is  0.3, 0.4  and  0.5,  respectively.  The  parameters 
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shown  in  Table  1 were  used  for  the  calculations.  The  calculated  results  fit  well  with  the 
measured  data  except  at  the  “transition”  region,  which  might  be  due  to  the  disregard  of 
the  data  points  that  is  below  the  line  of  lnG’  = 0 from  Figure  5-17  to  Figure  5-19. 
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Fig.5-21.  Comparison  of  the  calculated  data  using  Eq.  (5-5)  and  the  measurement  results 
for  0.04 wt%  PAA  50,000  addition  suspensions  with  variation  in  volume  fraction  of 
alumina.  Measurements  are  conducted  at  1%  strain  and  1Hz,  and  a temperature  ramp  of 
1 °C/min.  5 = 4.6,  </>g=  0.14,  T0  = 30.5  °C  and  G0’  = 0.02  Pa. 


5,5,2  Effect  of  Molecular  Weight  of  PAA  on  the  Storage  Modulus.  G’ 

Figure  5-22  shows  how  the  molecular  weight  of  PAA  affects  the  storage  modulus 
of  the  0.4  volume  fraction  alumina  suspensions  with  0.04wt%  PAA  addition.  The 
calculated  results  for  each  composition  suspensions  are  also  shown  as  open  symbols  and 
solid  lines.  During  the  calculation,  small  variation  is  made  to  some  parameters  that  are 
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shown  in  Table  5-1.  These  fitting  parameters  are  summarized  in  Table  5-2.  These 
adjustments  are  due  to  the  rough  nature  of  the  obtained  values  in  Table  5-1.  The 
calculated  results  using  the  adjusted  parameters  fit  the  experimental  data  well  in  the 
whole  temperature  range. 
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Fig.5-22.  Comparison  of  the  calculated  data  using  Eq.  (5-5)  and  the  measurement  results 
for  0.4  volume  fraction  alumina  suspensions  with  variation  in  molecular  weight  of  PAA. 
Measurements  are  conducted  at  1%  strain,  1Hz,  and  a temperature  ramp  of  1 °C/min. 


Although  our  expanded  percolation  theory  model  is  a good  approximation  for  the 
temperature  dependence  of  the  storage  modulus  for  the  actual  TIF  suspensions,  other 
aspects  concerning  the  detailed  evolution  of  the  suspension  microstructure  should  be 
addressed  in  order  to  have  a full  understanding  of  the  TIF  suspensions.  For  example, 
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how  the  agglomerates  form  and  how  they  interact  with  each  other  to  form  a continuous 
percolation  network,  and  how  to  relate  this  to  the  time  scale. 


Table  5-2.  The  Fitting  Parameters  Used  for  Calculations  in  Fig.5-21  and  Fig.5-22. 


PAA 

Mw~50,000 

PAA 

Mw~  10,000 

PAA 

Mw~5,000 

s 

4.6 

5.6 

5.9 

Go’ 

0.02  Pa 

0.57  Pa 

16  Pa 

0.14 

0.21 

0.31 

To 

30.5  °C 

41.0  °C 

51.0  °C 

5,5,3  Prediction  of  the  Wet  Gelled  Body  Strength  Using  the  Expanded  Percolation  Model 
From  above  discussions,  it  can  be  realized  that  this  expanded  percolation  model 

may  be  used  to  predict  the  strength  of  the  wet  gelled  body.  Figure  5-23,  Figure  5-24  and 
Figure  5-25  illustrate  the  variation  of  the  calculated  storage  modulus  with  volume 
fraction  of  particles  and  temperature  for  PAA  addition  alumina  suspensions  with  different 
molecular  weights.  The  parameters  used  in  calculations  are  shown  in  Table  5-2. 
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0.04  wt%  PAA  50000  addition 

4>g~O.14,T0~3O°C,  s~4.6 


Fig.5-23.  Three-dimensional  plots  that  relate  storage  modulus  with  volume  fraction  of 
alumina  and  the  temperature  for  the  0.04wt%  PAA  50,000  addition  alumina  suspensions. 
Eq.(5-5)  is  used  for  calculations.  Two  views  of  the  same  plot  are  shown. 


97 


0.04  wt%  PAA  10000  addition 

$g~0.21,T0~41°C,  s~5.6 


Fig.5-24.  Three-dimensional  plots  that  relate  storage  modulus  with  volume  fraction  of 
alumina  and  the  temperature  for  the  0.04wt%  PAA  10,000  addition  alumina  suspensions. 
Eq.(5-5)  is  used  for  calculations.  Two  views  of  the  same  plot  are  shown. 
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Fig.5-25.  Three-dimensional  plots  that  relate  storage  modulus  with  volume  fraction  of 
alumina  and  the  temperature  for  the  0.04wt%  PAA  5,000  addition  alumina  suspensions. 
Eq.(5-5)  is  used  for  calculations.  Two  views  of  the  same  plot  are  shown. 
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5.6  Schematic  Drawings  of  the  Possible  Percolation  Network  Formation  Process 

From  the  above  modeling  results  and  the  experimental  data,  it  is  clear  that  the 
molecular  weight  of  PAA  will  affect  the  percolation  nature  and  the  volume  fraction 
gelation  threshold.  The  higher  volume  fraction  of  particles  will  increase  the  stiffness  of 
the  backbones  of  the  percolation  network.  The  possible  temperature  dependence  of  the 
percolation  network  formation  process  is  schematically  shown  in  Figure  5-26  and  Figure 
5-27  (showing  the  effect  of  PAA  molecular  weight).  Figure  5-28  and  Figure  5-29 
(showing  the  effect  of  volume  fraction  of  particles). 
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Fig.  5-26.  Schematic  drawing  of  the  percolation  network  formation  process  for  TIF 
suspensions  having  larger  Mw  PAA.  The  size  of  the  PAA  molecular  chains  and  distance 
between  particles  are  exaggerated  for  clarity. 
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Fig.  5-27.  Schematic  drawing  of  the  percolation  network  formation  process  for  TIF 
suspensions  having  smaller  Mw  PAA.  The  size  of  the  PAA  molecular  chains  and  distance 
between  particles  are  exaggerated  for  clarity. 
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Fig.5-28.  Schematic  drawing  of  the  percolation  network  formation  process  for  lower 
volume  fraction  TIF  suspensions  with  PAA  addition.  The  size  of  the  PAA  molecular 
chains  and  distance  between  particles  are  exaggerated  for  clarity. 
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Higher  Volume  fraction  of  solids 
increases  the  strength  of  the  backbones 


Fig.5-29.  Schematic  drawing  of  the  percolation  network  formation  process  for  higher 
volume  fraction  TIF  suspensions  with  PAA  addition.  The  size  of  the  PAA  molecular 
chains  and  distance  between  particles  are  exaggerated  for  clarity. 


5,7  Summary  of  This  Chapter 

Continuous  percolation  theory  model  is  established  to  interpret  the  evolution  of 
the  storage  modulus  with  temperature  for  the  TIF  alumina  suspensions.  Realizing  that 
the  effective  volume  fraction  of  particles  will  increase  with  temperature  because  of  the 

growth  of  the  agglomerate,  a model  that  relates  the  storage  modulus  with  temperature  and 

* 

volume  fraction  of  solids  is  proposed. 
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Calculated  results  using  this  model  show  that  the  storage  modulus  of  the 
suspensions  increases  with  the  volume  fraction  of  solids  and  temperature.  The  increment 
of  the  volume  fraction  gelation  threshold,  ^g,  decreases  the  magnitude  of  the  storage 
modulus.  The  characteristic  temperature  To  also  has  significant  influence  on  the 
calculated  value  of  storage  modulus  using  this  model.  It  is  anticipated  that  <f>g  and  To  are 
always  related  to  each  other  with  respect  to  the  composition  of  the  suspensions.  The 
description  of  the  temperature  dependence  of  the  storage  modulus  for  the  actual  alumina 
suspensions  can  be  realized  by  tailoring  the  specific  parameters  in  this  model. 

The  exponent,  s,  and  the  volume  fraction  gelation  threshold,  <pg,  are  derived  from 
experimental  data  for  the  PAA  containing  TIF  alumina  suspensions.  For  the  same 
amount  of  PAA  addition,  increasing  molecular  weight  of  PAA  decreases  the  values  of  s, 
(/>g  and  To  at  the  same  time.  The  decrease  of  the  particle  percolation  nature  might  be  due  to 
the  stronger  interaction  of  PAA  chains/particles  for  larger  molecular  weight  PAA. 

This  model  is  used  to  compute  the  variation  of  the  storage  modulus  with  the 
volume  fraction  of  solids,  and  the  variation  of  the  storage  modulus  with  the  molecular 
weight  of  PAA  for  the  40vol%  alumina  suspensions.  The  calculated  results  using  the 
experimental  derived  parameters  match  the  measurement  data  well  except  at  transition 


region. 


CHAPTER  6 

STUDY  OF  THE  CONCENTRATED  PAA-FREE  TIF  ALUMINA  AQUEOUS 

SUSPENSIONS 


6. 1 Theoretical  Approach  to  Design  the  Composition  of  the  Suspensions 

Results  in  Chapter  3,  4 and  5 show  that  PAA  is  a critical  component  in  the 
alumina  suspensions  to  bring  about  bridging  flocculation  and  make  it  gel  with  applied 
heat.  It  is  also  clear  that  PAA  addition  significantly  increases  the  room  temperature  shear 
viscosity  at  the  same  time.  The  industry  requires  higher  slurry  loading  suspensions  with 
relatively  low  shear  viscosity  at  room  temperature  so  that  the  suspensions  can  fill  the 
molds  during  direct  casting  or  can  be  deposited  from  a drop-on-demand  nozzle.  The 
results  show  that  not  only  does  an  increase  in  PAA  amount  and  molecular  weight 
increase  the  shear  viscosity,  but  higher  slurry  loading  increases  the  viscosity  according  to 
the  Dougherty-Krieger  equation,  which  is  described  in  Chapter  3.  When  the  slurry 
loading  is  above  50vol%  for  the  0.04wt%  PAA  addition,  for  example  60vol%  of  alumina, 
the  zero  shear  rate  viscosity  at  room  temperature  is  > 20  Pa-s  and  that  the  suspension  does 
not  flow  easily.  An  alternative  route  must  be  found  to  overcome  this  obstacle.  In  this 
chapter,  a new  approach  using  the  DLVO  concept  is  proposed  to  avoid  using  PAA  in  the 
alumina  suspensions  while  keeping  a similar  gelation  behavior. 

DLVO  theory  proposes  that  either  at  high  concentrations  of  counterions,  where 
the  layer  of  counterions  is  very  thin,  or  near  the  isoelectic  point,  where  the  number 
density  of  charged  surface  sites  is  small,  the  particles  in  the  suspension  will  become 
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attractive.  The  dominance  of  the  attractive  van  der  Waals  potential  will  cause  the 
suspension  to  flocculate.  The  flocculation  of  the  suspension  can  be  accelerated  when  the 
counterions  are  bivalent  or  trivalent  metal  ion  complex,  which  will  result  in  the 
compression  of  the  double-layer  thickness.  The  thickness  is  commonly  identified  with 
the  Debye  length,  which  is  the  inverse  of  the  Debye  parameter,  k: 


1/k  = (eeo  kT  / 1) 1/2  (for  1 : 1 electrolyte) 

(6-1) 

I = e2 1 (n;  Zi2) 

(6-2) 

Where  e is  the  electronic  charge,  n;  the  concentration  of  ions  with  charge  Z;,  s the 
dielectric  constant  of  the  liquid,  and  So  the  permittivity  of  a vacuum  [55,101,102], 


pH 


Fig.6-1.  Variation  of  £ potential  with  pH  for  the  3vol%  magnesium  citrate  powders  only. 
The  titration  is  conducted  from  pH  10. 8 to  pH8.5  using  IN  HC1  acid.  The  surface  £, 
Potentials  become  absolutely  smaller  when  the  pH  of  the  suspension  decreases. 
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Magnesium  citrate  powder  is  found  to  carry  negative  surface  charge  at  high  pH 
region  (Figure  6-1)  and  dissolves  in  water  when  the  pH  is  decreased,  which  in  turn 
increases  the  ionic  strength  in  the  suspension.  Another  advantage  of  this  chemical  is  that 
the  resulting  magnesium  ion  can  be  a sintering  aid  for  alumina.  Therefore,  magnesium 
citrate  powder  is  chosen  as  a substitute  material  for  PAA. 
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Fig.6-2.  The  effect  of  the  amount  of  magnesium  citrate  on  the  temperature  dependence  of 
the  viscosity  of  the  40vol%  AKP53  alumina  suspensions.  Measurements  are  conducted 
at  shear  rate  20  s'1  with  temperature  ramp  of  1 °C/min. 
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6,2  Temperature  Dependence  of  the  Shear  Viscosity 

6.2.1  Effect  of  the  Amount  of  Magnesium  Citrate 

Figure  6-2  shows  the  variation  of  the  viscosity  of  the  40vol%  AKP53  alumina 

suspensions  with  temperature  and  the  amount  of  the  magnesium  citrate.  It  can  be  seen 
that  the  viscosity  start  to  increase  when  the  temperature  is  above  80  °C  for  the  0.0 1M 
(molar  per  liter)  and  0.02M  magnesium  citrate  addition  suspensions.  But  before  80  °C, 
the  suspension  viscosity  decreases  at  the  beginning  similar  to  the  PAA  addition 
suspensions,  which  might  be  due  to  the  viscosity  decrease  of  water  with  temperature.  But 
for  the  suspension  with  0.05M  magnesium  citrate,  its  viscosity  increases  from  30  °C. 

The  difference  might  be  due  to  the  formation  of  weak  agglomerates  in  the  suspension 
when  the  amount  of  magnesium  citrate  powders  is  large,  which  has  a negative  S,  potential 
value  less  than  8 mV  at  pH>10.5.  When  the  shear  rate  increases,  these  weak 
agglomerates  can  be  broken  up  so  that  the  suspension  shows  shear  thinning  behavior,  as 
shown  in  Figure  6-3.  The  degree  of  shear-thinning  increases  with  the  amount  of 
magnesium  citrate. 

6.2.2  Effect  of  the  Volume  Fraction  of  Alumina 

Figure  6-4  shows  the  effect  of  volume  fraction  of  alumina  on  the  temperature  evolution 
of  the  viscosity  for  suspensions  with  0.02%  magnesium  citrate.  In  the  figure,  the  data  of 
the  60vol%  alumina  suspension  with  0.4wt%  TAC  is  also  shown.  It  is  obvious  that 
increasing  of  the  volume  fraction  of  alumina  can  increase  the  suspension  viscosity  at  a 
relatively  low  temperature.  For  example,  the  temperatures  where  the  slurry  viscosity 
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starts  to  increase  significantly  are  at  about  80  °C,  70  °C  and  55  °C  for  the  40vol%, 
50vol%  and  60vol%  suspensions,  respectively.  It  can  also  be  observed  that  a higher 
volume  fraction  of  alumina  yields  a higher  viscosity,  which  might  be  the  result  of 
overlapping  of  the  electric  double  layer. 


Fig.6-3.  Steady  shear  flow  of  the  magnesium  citrate  addition  40vol%  alumina 
suspensions.  All  three  suspensions  show  shear-thinning  behavior  at  low  shear  rate. 
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Fig.6-4.  Effects  of  volume  fraction  of  alumina  and  temperature  on  the  viscosiy  of  the 
suspensions  with  0.02M  magnesium  citrate.  Measurements  are  conducted  at  shear  rate 
20  s'1  with  temperature  ramp  of  1 °C/min. 


6.3  Mechanism  of  Agglomerates  Formation 

In  the  as-prepared  suspensions,  the  surface  potential  of  the  pure  magnesium 
citrate  powder  is  less  than  negative  8mV  at  pH  > 10  (Figure  6-1).  Even  though  the 
magnitude  is  low,  a small  amount  of  magnesium  citrate  can  still  form  stable  suspensions 
with  alumina  particles,  which  has  a negative  zeta  potential  with  absolute  value  >50mV. 
When  the  temperature  is  raised,  the  pH  value  of  the  suspensions  starts  to  decrease,  as  is 
shown  in  Figure  6-5.  The  pH  decrease  might  be  due  to  the  increasing  dissolution  of 
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alumina  with  temperature  [56,88],  It  is  also  observed  that  during  the  pH  measurements, 
agglomerates  starts  to  form  at  ~ 60  °C,  which  is  correspondent  to  a pH  value  of  about  8.8. 


Fig.6-5.  Variation  of  pH  with  temperature  for  50vol%  alumina  suspension  with  0.4wt% 
TAC  and  0.02M  magnesium  citrate.  The  initial  pH  of  the  suspension  is  ~ pHlO. 


The  next  question  is  whether  the  dispersion  behavior  of  the  pure  magnesium 
citrate  powder  varies  with  pH,  because  the  pH  of  the  suspension  decreases  with 
increasing  temperature.  Figure  6-6  shows  the  pH  dependence  of  the  conductivity  for  the 
pure  magnesium  citrate  powder  suspensions  during  titration  in  an  electrophoresis 
measurement.  It  can  be  seen  that  the  conductivity  of  the  suspension  increases  from  pH  1 0 
to  pH8,  indicating  that  reactions  have  happened  on  the  magnesium  citrate  powder  surface 
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Fig.6-6.  The  pH  dependence  of  the  conductivity  for  the  3vol%  magnesium  citrate  powder 
suspensions  during  titration  of  the  electrophoresis  measurement. 


with  decreasing  pH  to  alter  the  surface  charge  complex  configurations.  The  possible 
reactions  might  be: 

( 1 ) Adsorption  of  H+  on  the  charged  magnesium  citrate  powder: 

MgC6H507 ' + H+  -»  MjAITOt  (OH)x  (6-3) 

(2)  Ionization  and  dissolution  of  magnesium  citrate  powder: 


MgC6H607  (OH)x  + 2H+  Mg2+  + C6H807  + H20 


(6-4) 
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It  is  noticed  that  the  dissolution  reaction  did  happen  and  magnesium  citrate 
powders  dissolved  gradually  into  water  with  the  increasing  acidity  in  the  solution.  Since 
this  reaction  is  directly  connected  to  the  ionization  reaction,  these  reactions  should  yield 
an  increasing  concentration  of  magnesium  ions  in  the  suspensions. 

To  verify  this  assumption,  the  variation  of  the  magnesium  ion  concentrations  with 
the  pH  of  the  suspension  is  measured.  These  results  are  shown  in  Figure  6-7.  The 
measurement  data  illustrate  that  the  magnesium  ion  concentration  increases  with 
decreasing  pH  from  pH  10.  This  result  reflects  that  the  ionization  reaction  (6-4)  takes 
place  in  the  suspensions  with  decreasing  pH  and  yields  the  increase  of  the  ionic  strength 
in  the  suspensions  with  temperature.  By  DLVO  theory,  this  ionic  strength  increment 
might  compress  the  EDL  thickness  and  make  it  possible  that  the  interparticle  distance  fall 
into  the  primary  minimum  to  cause  flocculation  of  the  suspension.  The  continuous 
increase  of  viscosity  with  temperature  might  be  due  to  the  growth  of  the  flocculated 
aggregates,  which  will  increase  the  resistance  of  the  movement  of  water  molecules  under 
shear  rate. 

6,4  Reducing  the  Low  Shear  Rate  Viscosity  by  Magnesium  Citrate 

Figure  6-8  gives  the  steady  shear  flow  curves  for  the  0.02M  magnesium  citrate 
addition  suspensions  with  different  volume  fractions  of  alumina.  The  60vol%  suspension 
with  0.4%  TAC,  and  the  60vol%  suspension  with  0.4%  TAC  and  0.04%  PAA 
(Mw~50,000)  are  also  shown.  It  seems  that  the  suspension  shows  more  shear-thinning 
behavior  when  the  volume  fraction  of  particles  is  increased,  and  no  shear  thickening  is 
observed  in  the  experiment  shear  rate  range  for  the  50vol%  and  60vol%  suspensions  with 
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Fig.6-7.  Variation  of  the  concentration  of  Mg(OH)x  ion  with  pH  for  the  pure  magnesium 
citrate  powder  suspension.  The  normalized  concentration  is  defined  as  the  ratio  of  the 
measured  concentration  of  Mg  ions  to  that  of  the  initial  amount  of  the  magnesium  citrate. 
The  Mg  ion  concentration  in  the  supernatant  is  measured  by  using  ICP  Emission 
Spectroscopy  (PERKIN  ELMER,  Optima  3200  RL). 
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Fig.6-8.  Steady  shear  flow  curves  for  the  0.02M  magnesium  citrate  addition  suspensions 
with  different  volume  fraction  of  alumina.  The  60vol%  suspension  with  0.4%  TAC  only, 
and  the  60vol%  suspension  with  0.4%  TAC  and  0.04%  PAA  (Mw~50,000)  are  also 
shown.  It  can  be  seen  that  addition  of  magnesium  citrate  can  reduce  the  low  shear-rate 
viscosity  of  the  same  volume  fraction  alumina  suspensions. 


magnesium  citrate.  If  the  suspension  contains  no  aggregates  before  shear,  shear 
thickening  is  expected  to  occur  because  of  the  ordering  rearrangement  of  the  particles 
along  the  shear  field.  If  the  suspension  has  weak  aggregates,  then  a shear-thinning 
behavior  would  be  expected  at  the  small  shear  rate  range  because  of  the  breaking  down  of 
the  aggregates  under  shear.  Therefore,  from  the  shear  flow  data,  it  can  be  realized  that 
the  40vol%  alumina  suspensions  with  0.01  and  0.02M  magnesium  citrate  powders  do  not 
have  significant  amount  of  aggregates  in  the  as  prepared  state  (Figure  6-3).  When  the 
slurry  loading  is  above  50vol%,  agglomerates  start  to  form  after  the  preparation  of  the 
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suspensions.  Comparing  the  same  volume  fraction  suspensions,  it  can  be  realized  that 
introducing  of  magnesium  citrate  powder  instead  of  PAA  can  dramatically  decrease  the 
shear  viscosity  at  low  shear  rate  range,  which  is  favorable  to  industrial  direct  casting.  For 
the  60vol%  alumina  suspensions,  using  magnesium  citrate  can  even  yield  a suspension 
with  lower  viscosity  in  the  experimental  shear  rate  range  than  the  60vol%  suspension 
with  0.4wt%  TAC  only,  the  stabilization  effect  of  magnesium  citrate  is  still  under 
investigation. 


Volume  fraction,  <j) 


Fig.6-9.  Variation  of  the  relative  viscosity  (at  shear  rate  of  1030s'1)  with  the  volume 
fraction  of  alumina  for  the  suspensions  with  and  without  magnesium  citrate  addition. 
The  modified  Dougherty-Krieger  equations  are  used  to  fit  the  experiment  data.  The 
maximum  volume  fraction  for  the  magnesium  citrate  suspensions  can  be  ~ 0.72,  and  the 
suspensions  with  TAC  only  is  ~ 0.63. 
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Figure  6-9  is  the  plots  using  the  modified  Dougherty-Krieger  (D-K)  equations  to 
fit  the  experiment  data  for  the  0.02mol%  magnesium  citrate  addition  suspensions  and  the 
0.4wt%  TAC  only  addition  suspensions.  The  D-K  equation  is  qr  = (1  - <j)/(t>m)  |Tl]  <l>m  For 
the  later  suspensions,  a set  of  fitting  parameters  are  [r|]  = 2.5  and  <|>m  = 0.63,  and  the  D-K 
equation  is  r|r  = (1  - <(>/0.63) -2  5x0'62.  For  the  magnesium  citrate  adding  suspensions,  the 
modified  D-K  equation  r|r  = (1  - 4>/0.72)  "3  1x0  72  + (130<j)  - 41)  is  proposed  to  fit  the 
experimental  data.  The  fitting  parameters  are  [r|]  = 3.1  and  <|>m  = 0.72.  Therefore, 
according  to  the  fitting  parameters,  the  maximum  volume  fraction  of  particles  can  be 
increased  to  0.72  with  magnesium  citrate  powder  addition  while  keeping  the  temperature 
induced  forming  characters. 
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Fig.6-10.  Variation  of  the  shear  modulus  with  temperature  for  the  different  volume 
fraction  alumina  suspensions  with  0.02M  magnesium  citrate.  The  storage  modulus,  G’ 
clearly  starts  to  increase  at  80°C,  70°C  and  50°C  for  40vol%,  50vol%  and  60vol% 
suspensions,  respectively.  Measurements  are  conducted  at  1 % strain  amplitude  and  a 
frequency  of  1 Hz,  the  temperature  is  raised  at  1 °C/min. 


6.5  Temperature  Dependence  of  the  Shear  Modulus 


Figure  6-10  shows  the  variation  of  the  shear  modulus  with  temperature  for  the 
different  volume  fraction  alumina  suspensions  with  0.02M  magnesium  citrate.  The 
storage  modulus,  G’  clearly  starts  to  increase  at  80°C,  70°C  and  50°C  for  40vol%, 
50vol%  and  60vol%  suspensions,  respectively.  In  other  words,  this  specific  temperature 
decreases  with  increasing  volume  fraction  of  particles,  and  the  suspension  has  a quite 
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different  microstructure  above  this  temperature.  Similar  to  the  PAA  addition  TIF 
alumina  suspensions,  the  gelation  of  the  suspension  with  magnesium  citrate  might  be  the 
result  of  the  growth  of  the  aggregates  and  the  formation  of  the  particle  percolation 
networks.  As  discussed  in  the  previous  part,  the  flocculation  of  the  suspension  is  due  to 
the  ionization  reaction  of  the  magnesium  citrate  with  temperature.  The  increasing  ionic 
strength  compresses  the  EDL  thickness,  and  the  van  der  Waals  attractive  potential  starts 
to  dominate.  Then  the  small,  weak  agglomerates  will  form  in  the  suspension.  If  the 
thermal  energy  kT  is  not  large  enough  to  break  these  aggregates  apart,  larger  size 
aggregates  will  form  by  the  adhesion  of  particles  on  the  existing  agglomerates.  Finally, 
these  aggregate  floes  connect  and  form  a continuous  particle  percolation  network,  which 
yields  the  observed  increase  of  the  storage  modulus. 

When  the  volume  fraction  is  increase  from  40vol%  to  50vol%,  the  interparticle 
distance  is  reduced  and  it  is  easier  for  the  particles  to  form  bonding  by  the  van  der  Waals 
force  at  the  same  temperature.  Therefore,  the  particle  network  can  form  at  a lower 
temperature  in  the  50vol%  suspension  than  in  the  40vol%  suspension.  But  with  further 
increase  in  the  volume  fraction  of  particles,  the  probability  of  two  or  more  particles 
meeting  together  increases  significantly,  and  the  interaction  between  particles  tends  to 
hold  these  particles  together  as  multiplets  at  room  temperature  [62],  These  aggregate 
floes  are  favored  to  grow  to  a larger  size  thermodynamically  in  order  to  reduce  the  total 
surface  energy.  Therefore,  for  the  60vol%  suspension,  the  particle  network  could  be 


formed  at  about  50°C. 
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6.6  Percolation  Theory  Model  for  the  PAA-Free  TIF  Alumina  Suspensions 

The  percolation  theory  model  described  in  Chapter  5 can  also  be  applied  to  the 
magnesium  citrate  addition  suspensions.  Take  the  expression  for  the  temperature 
dependence  of  the  storage  modulus  as 

G’  (T,  *,)  = Go’(T)  • {<k  • e •AU/4T  • e d,  'V  ^V'V  / ^-1} 8 (6-5) 

Then 

//i  G’  = 5 • /«  {^ b • e - AU/*T  • e VV  (T-To)/To]  / </>g  -1}  + /«G0’(T)  (6-6) 

Plotting  In  G’  ~ In { $)  • e ‘ AU ' kT  • e di  ’ ld2  + (T_V  1 T0  ] -1 } should  yield  a 

straight  line  with  slope,  s. 

From  Figure  6-4  and  Figure  6-10  the  volume  fraction  gelation  threshold  can  be 
determined  to  be  about  0.4,  or  ~ 0.4.  The  determination  of  exponent,  s,  involves  the 
same  procedures  as  described  in  Chapter  6.  During  calculation,  di  = 1.3,  d2  = 0.1,  and 
AU  = - 50  eV.  To  is  the  temperature  where  the  relative  viscosity  starts  to  increase  and 
can  be  obtained  from  the  relative  viscosity  (at  shear  rate  of  20  s ’)  vs.  temperature  plots. 
Its  value  is  about  45  °C. 

If  /«{$)  • e 'AU/*T . e di ' |d2  + (T“V ' \ 1 / ^g-1}  is  notified  as  In  {x}.  Then  the  plot 
of  In  G’  ~ In  {x}  can  be  shown  in  Figure  6-11.  The  slope  values  of  the  straight  lines  and 
the  interceptions  on  the  In  G’  axis  are  summarized  in  Table  6-1. 

The  values  of  s illustrated  in  Table  6-1  are  much  larger  that  that  obtained  in 
Chapter  5,  indicating  that  the  magnesium  citrate  suspensions  have  a higher  order  particle 
percolation  network  [96-100],  It  is  reasonable  because  in  these  suspensions,  only 
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Fig.6-1 1.  The  In  G’  ~ In  {x}  plots  using  Eq.  (6-6)  for  the  alumina  suspensions  with  0.02M 
magnesium  citrate  addition.  The  values  of  s and  G’o(T)  can  be  obtained  from  the  slope 
and  interception  of  the  line  on  the  Ln  G’  axis,  respectively. 


Table  6-1.  Effect  of  Volume  Fraction  on  the  Parameters  in  Eq.  (6-6). 


<(><0.55 

<)>  > 0.6 

s 

~9.11 

-5.95 

Go’  (T) 

~ 0.025  Pa 

~ 9.98  Pa 

^g 

~ 0.40 

~ 0.40 

To 

~ 45  °C 

~ 45  °C 
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particles  forms  agglomerates  and  finally  yields  a space  particle  network,  whereas  the 
interaction  of  the  PAA  molecular  chains  also  contributes  to  the  formation  of  the 
percolation  network  in  the  PAA  addition  TIF  suspensions. 

The  value  of  the  pre-exponent  term  is  larger  for  the  higher  volume  fraction 
suspension,  which  is  also  observed  in  the  PAA  addition  TIF  alumina  suspensions  in 
Chapter  5.  Since  this  term.  Go’  (T),  is  a reflection  of  the  strength  or  stiffness  of  the 
network  chain  backbones,  higher  volume  fraction  of  particles  will  yield  a higher  packing 
density  and  therefore  can  transmit  a higher  stress  before  breaking  down. 

Figure  6-12  shows  the  calculated  results  using  the  percolation  theory  model  (Eq. 
7-3),  the  parameters  used  during  calculation  are  shown  in  the  figure.  It  is  clear  that  the 
computed  results  can  match  the  measurement  data  quite  well.  Therefore,  it  can  be 
concluded  that  the  gelation  of  the  magnesium  citrate-addition  TIF  alumina  suspensions 
might  be  due  to  the  formation  of  the  particle  percolation  network.  This  model  can  be 
used  to  predict  and  control  the  gelation  degree  of  this  type  of  suspension. 

Considering  the  higher  percolation  nature  for  the  PAA-free  TIF  suspensions,  the 
gelation  and  percolation  network  formation  process  can  be  shown  schematically  as  in 
Figure  6-13. 
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Fig.6-12.  Comparison  of  the  calculated  result  using  the  expanded  percolation  theory 
model  (Eq.  6-6)  and  the  experiment  data,  the  parameters  used  during  calculation  are 
shown  in  the  figure.  It  is  clear  that  the  model  calculation  results  fit  the  measured  data 
quite  well. 
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Fig.  6-13.  The  proposed  gelation  and  percolation  network  formation  process.  The  size  of 
the  alumina  particles  and  distance  between  particles  are  exaggerated  for  clarity. 

6,7  Summary  of  This  Chapter 

The  PAA-free  TIF  alumina  suspensions  have  been  successfully  produced  by 
introducing  magnesium  citrate  powders.  The  variations  of  both  the  shear  viscosity  and 
shear  modulus  with  temperature  are  similar  to  that  of  the  PAA  addition  suspensions. 

Both  the  viscosity  and  storage  modulus  of  the  suspensions  show  an  evident 
increase  when  the  temperature  is  above  a critical  temperature.  The  magnitude  of  this 
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temperature  decreases  with  increasing  volume  fraction  of  the  alumina  particles. 

Compared  with  the  PAA  addition  TIF  suspensions,  the  same  volume  fraction  PAA-free 
suspension  has  a higher  critical  temperature.  The  flocculation  of  the  magnesium  citrate- 
addition  TIF  suspensions  is  controlled  by  the  ionization  reaction  of  the  magnesium  citrate 
that  increases  the  ionic  strength  in  the  suspensions.  The  ionization  reaction  is  controlled 
by  the  pH  of  the  suspensions,  which  decreases  with  increasing  temperature. 

Comparing  the  60vol%  TIF  alumina  suspensions  with  the  PAA  addition  and  the 
suspension  using  T AC  only,  addition  of  magnesium  citrate  can  decrease  the  room 
temperature  shear  viscosity  significantly,  which  is  favorable  to  industrial  direct  casting 
applications. 

Variation  of  the  relative  viscosity  with  the  volume  fraction  of  alumina  for  the 
0.4wt%  TAC  and  0.02M  magnesium  citrate  addition  suspensions  can  be  fitted  to  the 
modified  Dougherty-Krieger  equation  as  rjr  ==  (1  - <|>/0.72)  ~31x0'72  + (130<J)  - 41). 

Percolation  theory  model  can  be  successfully  applied  to  this  type  of  suspension. 
Therefore,  the  gelation  of  the  magnesium  citrate-addition  TIF  alumina  suspensions  might 
be  due  to  the  formation  of  the  particle  percolation  network.  Compared  with  the  PAA 
addition  TIF  suspensions,  larger  values  of  percolation  exponent,  s,  are  expected  and 
verified  by  the  experimental  data  for  these  PAA-free  TIF  suspensions,  indicating  that 
these  suspensions  have  higher  degree  of  particle  percolation. 

The  calculation  results  using  the  expanded  percolation  model  fit  the  measured 
data  well.  Therefore,  this  model  can  be  used  to  predict  and  control  the  gelation  degree  of 
the  PAA-free  TIF  alumina  suspensions. 


CHAPTER  7 

DIRECT  CASTING  USING  THE  TIF  AQUEOUS  ALUMINA  SUSPENSIONS 


7. 1 Direct  Casting  Parts  and  Analysis 

The  compositions  of  the  direct  casting  suspension  are  40vol%  AKP52  alumina 
with  0.4wt%  TAC  and  0.04wt%  PAA  of  molecular  weight  50000.  The  preparation  and 
direct  casting  procedures  are  described  in  the  Appendix- 1 of  this  dissertation. 

Figure  7-1  shows  the  green  bodies  of  some  ceramic  parts  fabricated  by  TIF  direct 
casting.  It  can  be  realized  that  the  resultant  green  body  has  good  surface  finish.  The 
success  of  utilizing  TIF  suspensions  into  direct  casting  opens  an  alternative  method  to 
prepare  rather  complex  shape  engineering  ceramic  parts.  Its  simple  processing  makes 
TIF  direct  casting  promise  of  readily  automation. 

The  SEM  morphology  of  the  natural  surface  for  the  dried  green  body  fabricated 
by  the  TIF  direct  casting  is  shown  in  Figure  7-2.  It  is  seen  that  alumina  particles  are 
closely  packed.  The  density  of  the  dried  green  body  is  ~ 65%  of  theory  density  of 
alumina. 

Figure  7-3  shows  the  Energy  Dispersion  X-ray  Spectrum  of  the  green  body 
surface  in  Figure  7-2.  It  is  observed  zirconium  element  in  the  green  body  can  not  be 
detected  evidently  under  the  resolution  of  the  probe,  which  excludes  the  significance  of 
introduction  of  much  zirconia  into  the  alumina  green  body  during  ball  mill  mixing  using 
zirconium  oxide  milling  balls.  This  observation  also  excludes  the  effect  of  other 
impurities  contributing  to  the  gelation  of  TIF  alumina  suspensions. 
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Fig.  7-1.  The  green  bodies  of  some  ceramic  parts  fabricated  by  TIF  direct  casting.  The 
suspension  compositions  are  40vol%  alumina,  0.4wt%  TAC  and  0.04wt%  PAA  50000. 


Fig. 7-2.  SEM  surface  morphology  of  the  AKP53  ceramic  green  body  fabricated  by  TIF 
direct  casting  using  the  same  composition  suspensions  in  Fig.7-1. 
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Fig.7-3.  EDXS  analysis  of  the  AKP53  alumina  green  body  fabricated  by  TIF  direct 
casting. 

7.2  Sintering  of  TIF  Direct  Casting  Parts  and  Microstructure  Observation 

The  alumina  green  body  is  sintered  at  1550  °C  for  2h.  The  sintered  samples  are 
translucent  and  have  -100%  of  theoretical  density.  The  SEM  surface  morphology  of  the 
sintered  sample  is  shown  in  Figure  7-4.  It  can  be  seen  that  there  is  no  abnormal  grain 
growth  in  the  sample  and  the  alumina  grain  size  is  - 1.5pm.  The  residual  pore  size  is  less 
than  0.2  pm  and  uniformly  distributed  in  the  grain  boundary.  Therefore,  the 
microstructure  shows  that  TIF  process  can  eliminated  the  strength  limiting  defects,  such 
as  abnomal  grain  growth,  large  pores. 
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Fig.  7-4.  SEM  surface  morphology  of  the  sintered  AKP53  alumina  parts  fabricated  by  TIF 
direct  casting.  The  sintering  condition  is  1550  °C  and  2h. 
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7,3  Phase  Determination  in  the  TIF  Direct  Casting  Parts 

Figure  7-5  gives  the  XRD  spectrum  of  the  AKP53  alumina  powder,  green  body 
and  the  sintered  sample  under  1550  °C  for  2h.  The  peaks  shift  to  higher  angle  for  both 
the  green  body  and  sintered  samples  compared  with  the  peak  positions  of  the  powder. 
This  might  be  due  to  the  hydration  reaction  of  alumina  powder  in  water  to  form  the 
aluminum  hydroxide  phase  on  the  surface,  which  will  transform  to  Y-AI2O3  phase  after 
sintering. 


Fig.  7-5.  XRD  spectrum  of  the  AKP53  alumina  powder,  green  body  and  the  sintered 
body. 
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7,4  Summary  of  This  Chapter 

Complex-shape  engineering  ceramic  parts  have  been  successfully  fabricated  by 
TIF  direct  casting  using  the  TIF  alumina  suspensions  described  in  previous  chapters. 

SEM  observation  shows  that  the  particles  are  closely  packed  in  the  green  body. 
The  TIF  direct  casting  parts  have  a relative  density  of  ~ 65%  of  theory  value  of  alumina. 
For  the  sintered  sample  at  1550  °C  for  2h,  the  SEM  surface  morphology  shows  that  the 
grain  size  is  uniform  and  no  abnormal  grain  size  growth  is  observed.  The  grain  size  is 
~ 1.5jum.  The  residual  pore  size  is  < 0.2pm  and  uniformly  distributed.  These 
microstructure  results  in  a translucent  sintered  sample. 

No  evident  observation  of  zirconium  element  in  the  dried  green  body  by  using 
ED  AX  analysis,  thus  assures  that  the  gelation  of  TIF  suspensions  does  not  come  from  the 
effect  of  other  impurities  that  might  be  introduced  during  powder  processing. 


CHAPTER  8 

SUMMARY  AND  OUTLOOK 


In  the  research  work  shown  in  this  dissertation,  the  viscoelastic  properties  of  TIF 
alumina  suspensions  are  characterized  with  variation  in  volume  fraction  of  particles,  PAA 
amount  and  the  molecular  weight  of  PAA.  The  temperature  dependence  of  the 
suspension  shear  viscosity  and  shear  modulus  are  also  measured  and  analyzed.  A 
continuous  percolation  theory  model  is  proposed  to  explain  the  experimental  data.  PAA- 
free  TIF  alumina  suspensions  is  also  successfully  introduced.  The  TIF  suspensions  are 
successfully  used  for  direct  casting  complex  engineering  ceramic  parts.  The  main  results 
are  summarized  as  follows: 

(1)  TIF  alumina  suspensions  have  been  successfully  prepared  by  adding  0.4wt%  of 
ammonium  citrate  powder  and  <0. 1 wt%  PAA  into  the  suspensions.  The  optimum 
amount  of  ammonium  citrate  powder  is  determined  experimentally  to  be  ~ 0.4wt%. 

(2)  The  gelation  diagrams  that  relate  the  volume  fraction  of  particles,  PAA  amount  and 
the  gelation  degree  are  experimentally  determined  and  plotted.  The  results  show  that 
~ 0.04wt%  of  either  PAA50,000  or  PAA  10,000  is  enough  to  flocculate  and  gel  the 
TIF  alumina  suspensions  when  the  volume  fraction  of  particles  is  no  less  than  0.3. 

(3)  Increasing  the  volume  fraction  of  alumina  will  increase  the  25  °C  steady  shear 
viscosity,  which  can  be  fitted  by  the  Dougherty-Krieger  equation.  For  the  PAA 
50,000  addition  suspensions,  the  fitted  D-K  equation  is  rjr  = [1  —((()/ 0.57)]  ~2  4x  0 57. 
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While  for  suspensions  in  the  absence  of  PAA,  the  fitted  D-K  equation  is 
% = [1  - (4)  / 0.64)]  -2-18*064. 

(4)  The  volume  fraction  of  particles  affects  the  degree  of  the  relative  viscosity  increment 
with  temperature.  Higher  volume  fraction  of  particles  will  enhance  the  viscosity 
increment  more. 

(5)  Molecular  weight  of  PAA  has  a significant  effect  on  the  25  °C  shear  viscosity  of  the 
alumina  suspensions.  Larger  molecular  weight  PAA  tends  to  increase  the  shear 
viscosity,  decrease  the  gelation  threshold  of  the  alumina  suspensions  where  the 
suspension  relative  viscosity  starts  to  increase  rapidly,  and  decrease  the  temperature 
where  the  suspension  shows  visible  increase  of  its  viscosity. 

(6)  Shear  modulus  is  used  to  characterize  the  viscoelastic  properties  of  the  TIF 
suspensions.  For  the  suspensions  with  volume  fraction  less  than  0.5,  there  is  a 
“crossover”  temperature.  The  suspensions  have  “solid-like”  behavior  with  G’>G” 
when  the  temperature  is  above  this  temperature.  This  “crossover”  point  can  be  easily 
observed  in  the  damping  factor  vs.  temperature  plots. 

(7)  Higher  volume  fraction  of  particles  tends  to  shift  the  “crossover”  to  a lower 
temperature  and  increases  the  magnitude  of  the  storage  modulus.  Increasing  the 
amount  or  the  molecular  weight  of  PAA  can  shift  the  “crossover”  to  a lower 
temperature  and  enhances  in  the  formation  of  particle  space-filling  network  at  lower 
temperature. 

(8)  The  evolution  of  the  shear  modulus  with  time  at  a temperature  shows  that  higher 
temperatures  increase  the  shear  modulus  more  rapidly  than  at  lower  temperature. 
Both  the  storage  and  the  loss  modulus  of  the  suspension  with  PAA  50,000  increase 
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much  more  rapidly  than  the  suspensions  with  PAA  10,000.  Therefore,  higher  Mw 
PAA  can  improve  the  gelation  degree  under  the  same  experimental  conditions,  but  at 
an  expense  of  increasing  the  zero  shear  rate  viscosity  that  is  not  favorable  for  a direct 
casting  process. 

(9)  Realizing  that  the  effective  volume  fraction  of  particles  will  increase  with 
temperature  because  of  the  growth  of  the  agglomerate,  an  expanded  continuous 
percolation  theory  model  is  established  to  interpret  the  evolution  of  the  storage 
modulus  with  temperature  and  slurry  loading  for  the  TIF  alumina  suspensions. 

(10)  Calculated  results  using  the  percolation  model  show  that  the  storage  modulus  of 
the  suspensions  increases  with  the  volume  fraction  of  solids  and  temperature.  The 
increment  of  the  volume  fraction  gelation  threshold,  </>%,  decreases  the  magnitude  of 
the  storage  modulus.  The  characteristic  temperature  To  also  has  significant  influence 
on  the  calculated  value  of  storage  modulus  using  this  model.  It  is  assumed  that  ^gand 
To  are  always  related  to  each  other  with  respective  to  the  composition  of  the 
suspensions.  The  description  of  the  temperature  dependence  of  the  storage  modulus 
for  the  actual  alumina  suspensions  can  be  realized  by  tailoring  the  specific  parameters 
in  this  model. 

(11)  The  exponent,  s and  the  volume  fraction  gelation  threshold,  (f>g  are  derived  from 
experimental  data  for  the  PAA  containing  TIF  alumina  suspensions.  For  the  same 
amount  of  PAA  addition,  increasing  molecular  weight  of  PAA  decreases  the  values  of 
s,  </>g  and  To  at  the  same  time. 
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(12)  This  model  is  used  to  compute  the  variation  of  the  storage  modulus  with  the 
volume  fraction  of  solids  and  the  molecular  weight  of  PAA.  The  measurement  data 
fit  the  calculated  results  the  well. 

(13)  The  PAA-free  TIF  alumina  suspensions  have  been  successfully  introduced  using 
magnesium  citrate  powders.  The  variations  of  both  the  shear  viscosity  and  shear 
modulus  is  similar  to  that  of  the  PAA  addition  suspensions.  Both  the  viscosity  and 
storage  modulus  of  the  suspensions  show  an  evident  increase  when  the  temperature  is 
above  a critical  temperature.  The  magnitude  of  this  temperature  decreases  with 
increasing  volume  fraction  of  the  alumina  particles.  Compared  with  the  PAA 
addition  TIF  suspensions,  the  same  volume  fraction  PAA-free  suspension  has  a 
higher  critical  temperature. 

(14)  The  flocculation  of  the  magnesium  citrate-addition  TIF  suspensions  is  controlled 
by  the  ionization  reaction  of  the  magnesium  citrate  that  increases  the  ionic  strength  in 
the  suspensions.  The  ionization  reaction  is  controlled  by  the  pH  of  the  suspensions, 
which  decreases  with  increasing  temperature. 

(15)  Comparing  the  60vol%  TIF  alumina  suspensions  with  the  PAA  addition  and  the 
suspension  using  TAC  only,  addition  of  magnesium  citrate  can  decrease  the  room 
temperature  shear  viscosity  significantly,  which  is  favorable  to  industrial  direct 
casting  applications.  Variation  of  the  relative  viscosity  with  the  volume  fraction  of 
alumina  for  the  0.4wt%  TAC  and  0.02M  magnesium  citrate  addition  suspensions  can 
be  fitted  to  the  modified  Dougherty-Krieger  equation  as  r\T  = (1  - <j>/0.72)  ~3  1x0  72  + 


(130<)»  — 41). 
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(16)  Percolation  theory  model  can  be  successfully  applied  to  this  type  of  suspension. 
Therefore,  the  gelation  of  the  magnesium  citrate-addition  TIF  alumina  suspensions 
might  be  due  to  the  formation  of  the  particle  percolation  network.  Compared  with  the 
PAA  addition  TIF  suspensions,  larger  values  of  percolation  exponent,  s,  are  expected 
and  verified  by  the  experimental  data  for  these  PAA-free  TIF  suspensions,  indicating 
that  these  suspensions  have  higher  degree  of  particle  percolation.  The  measurement 
data  fit  well  with  the  calculated  results  using  the  percolation  model.  Therefore,  this 
model  can  be  used  to  predict  and  control  the  gelation  degree  of  the  suspensions. 

(17)  Complex-shape  engineering  ceramic  parts  have  been  successfully  fabricated  by 
TIF  direct  casting  using  the  TIF  alumina  suspensions. 

(18)  SEM  observation  shows  that  the  particles  are  closely  packed  in  the  green  body. 
The  TIF  direct  casting  parts  have  a relative  density  of  ~ 65%  of  theory  value  of 
alumina.  For  the  sintered  sample  at  1550  °C  for  2h,  the  SEM  surface  morphology 
shows  that  the  grain  size  is  uniform  and  no  abnormal  grain  size  growth  is  observed. 
The  grain  size  is  ~ 1.5pm.  The  residual  pore  size  is  < 0.2pm  and  uniformly 
distributed.  These  microstructure  results  in  a translucent  sintered  sample. 

(19)  No  evident  observation  of  zirconium  element  in  the  dried  green  body  by  using 
ED  AX  analysis,  thus  assures  that  the  gelation  of  TIF  suspensions  does  not  come  from 
the  effect  of  other  impurities  that  might  be  introduced  during  powder  processing. 
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Future  Work 

The  author  suggests  that  the  following  experiments  need  to  be  done  so  as  to  get  a 
further  understanding  and  to  apply  this  novel  technology  to  the  industrial  production  of 
ceramic  parts. 

( 1 ) Apply  the  TIF  gelation  mechanism  to  other  ceramic  material  systems, 
especially  to  non-oxide  ceramic  systems; 

(2)  Design  and  apply  TIF  suspension  to  the  solid  freeform  fabrication  area  to 
produce  prototypes  or  fabricate  complex  ceramic  parts  directly; 

(3)  Theoretical  understanding  of  the  formation  process  of  the  percolation 
network  with  time  at  a fixed  temperature  and  build  a universal  model  to  give  useful 
guides  for  the  processing  control. 


APPENDIX  A 


• RAW  MATERIALS,  SLURRY  PREPARATION  AND  MEASUREMENTS 

A.  1 Raw  Materials 

Raw  materials  used  in  the  experiments  are  listed  in  Table  A-l. 


Table  A-l.  Raw  materials  used  in  this  research. 


Material 

Source 

Purity  / Other 
Specification 

Physical  Form 

AKP53  Alumina 

Sumitomo,  Japan 

>99.999% 

powder 

Ammonium  Citrate 

Aldrich,  USA 

98% 

powder 

Poly( Acrylic  Acid) 

Polysciences,  USA 

Mw  ~ 50,000 

25%  aqueous  solution 

Poly( Acrylic  Acid) 

Polysciences,  USA 

Mw~  10,000 

25%  aqueous  solution 

Poly(Acrylic  Acid) 

Polysciences,  USA 

Mw  ~ 5,000 

50%  aqueous  solution 

Calcium  Nitrate 

Aldrich,  USA 

99+% 

powder 

Sodium  Chloride 

Aldrich,  USA 

99+% 

powder 

Magnesium  Citrate 

Alfa  Aesar,  USA 

CAS#  144-23-0 

powder 

A.2  Characterization  of  the  AKP53  Alumina  Powder 
The  particle  size  of  AKP53  was  measured  by  LS  Particle  Size  Analyzer 

* 

(COULTER)  and  yielded  a dso  ~ 0.4pm.  The  particle  size  distribution  of  the  powder  is 
shown  in  Figure  A-1.  The  SEM  morphology  of  the  as-received  powder  is  illustrated  in 
Figure  A-2.  The  surface  area  of  the  alumina  powder  as  measured  by  standard  BET 
(NOVA  1200)  N2  adsorption  was  14.8  m2/g. 
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Particle  Diameter  (^m) 

Fig.A-1.  Paticle  size  distribution  of  the  AKP53  alumina  powders. 


Fig.A-2.  SEM  morphology  of  the  as-received  AKP53  alumina  powders 


(ALU)  5 
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Electroacoustic  Measurement  is  conducted  to  measure  the  surface  zeta  potential 
of  the  as-received  AKP53  powders.  The  variations  of  the  zeta  potential  with  pH  are 
shown  in  Figure  A-3.  The  point  of  zero  charge  (PZC)  is  about  pH9.2. 


Fig.A-3.  Zeta  potential  measurement  by  titration  of  the  as  received  AKP53  alumina 
powders.  The  concentration  of  Na+  is  0.01  mol/L.  The  volume  fraction  of  alumina  is 
0.03  and  the  starting  pH  of  the  slurry  is  ~ pH2.  The  base  used  for  titration  is  1.0  mol/L 


KOH. 
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A.  3 Electroacoustic  Measurement 

Zeta  potential  determinations  were  performed  with  an  electrokinetic  sonic 
amplitude  measurement  (ESA)  apparatus  (Acoustosizer  Matec  Applied  Sciences, 
Hopkinton,  MA).  In  this  device  the  suspension  is  subjected  to  an  altemationg  electric 
field,  at  magahertz  frequencies,  which  creats  relative  movement  between  the  ceramic 
particles  and  the  surrounding  liquid.  This  motion  generates  a sound  wave  at  the  same 
frequency  as  the  electric  field  detected  by  the  transducer.  The  acoustic  energy  generated 
is  proportional  to  the  dynamic  mobility.  A correlation  between  these  ESA  measurements 
and  the  zeta  potential  values  (Q  was  established  through  O’Brien’s  formula:  [Al] 

C = Md(G>)  G(a)  '*  s 

where  pa  is  the  dynamic  mobility,  co  the  angular  frequency  of  the  applied  field,  q the 
viscosity  of  the  liquid,  8 the  dielectric  permittivity  of  the  suspension,  and  G(a)  a term 
which  corrects  for  the  inertia  of  the  particles  in  the  alternating  field,  which  acts  to  reduce 
the  velocity  amplitude  of  the  particle  motion  for  a given  zeta  potential.  G(a)  is  dependent 
on  co,  on  the  particle  radius,  and  on  the  kinematic  viscosity  of  the  liquid. 

A.4  Slurry  Preparation 

A.4. 1 Planetary  Ball  Mill 

The  Pulverisette  5”  Laboratory  Planetary  Mill  (Fritsch  GmbH,  Germany)  is  used 
for  the  mixing  and  homogenizing  of  different  starting  materials.  The  rotation  speed  can 
be  adjusted  to  350rpm/min.  The  mill  jar  material  is  alumina.  The  material  of  milling 


ball  used  is  zirconia. 
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A.4.2  Slurry  Preparation  Process 

The  suspension  preparation  process  is  shown  schematically  as  Figure  A-4: 


AKP53  powder  + TAC  + DI H20 

^ Ball-mill  mixing  250  rpm  x 30  min. 

Adjusting  pH  to  9.3  by  NH2-H20 

1 

g 150  rpm  x 20  min. 

Adding  PAA 

^ Ball-mill  mixin, 

TIF  alumina  suspension  PH  ~ 9.2 

Fig.A-4.  Flowchart  of  the  TIF  suspension  preparation  process. 

The  exact  amount  of  alumina  powders,  TAC  and  respective  amount  of  deionized 
water  were  mixed  for  30  minutes  at  a speed  of  250  rpm  first.  Then  the  pH  was  adjusted 
to  about  9.3  with  analytical  4.94N  ammonium  hydroxide  before  adding  the  exact  amount 
of  PAA.  The  above  suspensions  were  then  ball-milled  for  about  20  minutes  to  get  the 
final  suspensions.  The  pH  value  of  the  suspension  is  ~ 9.2.  Without  specific  statement, 
the  amount  of  ammonium  citrate  and  the  amount  of  PAA  are  taken  as  the  weight  percent 
of  the  dry  ceramic  powders. 
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A.  5 Viscoelastic  Property  Measurements 
A.5.1  Modular  Compact  Rheometer 

The  MCR300  Modular  Compact  Rheometer  (Paar  Physica,  USA)  is  used  to 
measure  the  viscoelastic  properties  of  the  suspensions.  The  MCR300  is  the  newest 
rheometer  and  offering  research-grade  capabilities  of  controlled-stress  and  controlled- 
strain  rheometers  in  one  package.  It  is  versatile  to  use  in  temperature  control  with  all 
measuring  geometries  (cylinder,  cone/plate,  plate/plate).  In  our  experiment 
measurements,  cylinder  geometry  is  used  with  a name  of  CC27.  The  standard  tests 
modes  used  in  our  experiments  are  (1)  rotational  test  with  controlled  shear  stress  (CSS), 
and  (2)  oscillatory  test  with  controlled  strain,  and  (3)  temperature  sweep  test  in  both 
rotation  and  oscillation  modes. 

A.5.2  Steady  Shear  Flow  Curves  and  Shear  Viscosity  Measurements 

The  shear  flow  with  shear  rate  is  conducted  at  25°C,  and  the  shear  rate  varies 

from  0.1  s _ to  1030  s -1.  The  time  duration  between  two  measuring  points  is  15  s.  The 
temperature  ramp  rotation  mode  was  used  to  measure  the  temperature  dependence  of 
suspension  viscosity.  During  measurement,  the  shear  rate  was  20  s'1  and  the  temperature 
was  raised  at  a rate  of  1 °C/  min  with  the  start  temperature  at  25  °C.  The  relative 
viscosity  was  computed  out  using  the  ratio  of  the  measured  viscosity  to  that  of  the  water 
at  the  same  temperature.  A polynomial  expression  for  the  temperature  dependence  of 
viscosity  of  water  can  be  fixed  to  data  from  the  CRC  Handbook,  as  can  be  shown  in  the 
following  expression. 


h Water = 0.0017-(4.73x  10~5)  T+(7.45x  10"7)  T2-(6.25xl0"9)  T3+(2.13xl0“n)  T4 
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Where  T is  the  temperature  of  the  suspension  with  a unit  of  degree  centigrade  (°C). 

A. 5. 3 Shear  Modulus  Measurement 

The  temperature  dependence  of  the  storage  and  loss  modulus  were  measured 
using  the  temperature  ramp  oscillation  mode  with  the  fixed  shear  strain  of  1%,  the 
frequency  of  1 Hz,  and  the  temperature  ramp  of  1 °C/  min.  From  the  measurement,  we 
can  also  get  the  data  of  the  shear  stress,  loss  angle,  rf  and  rj”. 

The  time  dependence  of  the  storage  modulus  and  the  loss  modulus  at  a 
temperature  were  conducted  in  the  time  test  oscillation  mode.  During  measurement,  the 
temperature  was  increased  to  the  set  temperature  point  at  a rate  about  20  °C/  min.  The 
strain  was  kept  at  2%  and  the  frequency  was  fixed  at  1 Hz. 

A.6  Citrate  Adsorption  and  Ionic  Concentration  Measurements 

Eppendorf  Centrifuge  5810  from  Brinkmann  Instruments,  Inc.  is  used  to  prepare 

the  samples  for  ionic  concentration  measurements  or  for  citrate  adsorption 
measurements.  Fixed-angle  rotor  with  cover  for  6x85mL  tubes  is  used. 

The  suspensions  for  adsorption  measurements  were  centrifuged  at  3600  rpm  for  3 
hours  (Centrifuge  5810,  Eppendorf),  and  then  the  upper  clear  supernatants  were  drawn 
out  carefully.  The  citrate  anion  adsorption  measurement  was  conducted  using  the  UV- 
Persulfate  TOC  Analyzer  (DOHRMANN,  Phoenix  8000),  where  a calibration  curve  was 
obtained  first  by  using  ammonium  citrate  stock  solutions.  After  getting  the  carbon 
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content  in  the  supernatant,  it  can  be  converted  into  the  concentration  of  the  remaining 
citrate  anion  in  the  supernatant. 

« 

For  the  measurements  of  the  concentration  of  magnesium  ions  in  Chapter  6,  six 
lOOmL  beakers  are  filled  with  40mL  DI  water  (R~18.2  MQ),  and  the  pH  are  adjusted  by 
30wt%  potassium  hydroxide  to  pHl  1.2, 10.8,  9.8,  8.9,  8.3, 7.6,  respectively.  Then  0.404 
g of  magnesium  citrate  is  dispersed  into  each  above  beaker  while  stirring.  After  stirring 
24  h,  the  above  suspensions  are  removed  into  the  45mL  centrifuge  PE  tubes.  Then  they 
are  all  put  in  the  centrifuge  (Centrifuge  5810,  Eppendorf)  at  3600  rpm  for  1.5  h.  The 
clear  supernatants  are  drawing  out  later  carefully  and  diluted  using  DI  water  for  ICP 
measurements.  The  Mg"  concentration  in  the  supernatant  was  measured  by  using  ICP 
Emission  Spectroscopy  (PERKIN  ELMER,  Optima  3200  RL). 

A,  7 Preparation  of  the  Silicon  Mold  for  Direct  Casting 
Silicon  rubber  molds  were  used  for  direct  casting  to  make  ceramic  parts.  The  mold 

material  is  a mixture  of  ELASTOSIL  A and  ELASTOSIL  B (Wacker  Silicones  Corp.)  by 
the  weight  ratio  of  9:1  and  can  be  cured  readily  at  75°C  for  1 hour.  The  rubber  mixture 
of  A and  B is  first  de-aired  under  vacuum  for  40  min.,  and  then  it  is  poured  into  a 
container  that  have  the  prototype  of  the  desired  part.  After  putting  the  container  in  oven 
of  75  °C  for  1 hour,  the  prototype  part  can  be  removed  so  that  the  ceramic  mold  with  the 
desired  shape  and  dimension  cavity  is  obtained. 
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A.  8 Direct  Casting  Procedure  and  Control 
The  suspension  preparation  procedure  is  the  same  as  reported  above.  The  resultant 

suspension  is  de-aired  under  vacuum  for  30  min  before  pouring  into  the  mold.  Then  a 

thin  layer  of  vegetable  oil  to  prevent  water  vaporizing  covers  the  surface  of  the 

suspension  in  the  mold.  After  staying  in  the  oven  of  65  °C  for  2h,  the  gelled  ceramic  part 

is  obtained  after  de-molding.  The  following  drying  step  yields  the  dry  green  body.  The 

TIF  direct  casting  process  can  be  summarized  in  Figure  A-5. 


Fig.A-5.  Schematic  flowchart  of  the  TEF  direct  casting  process. 
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A.  9 Microstructure  Analysis  and  Phase  Determination 
A.9-1  Scanning  Electronic  Microscopy  (SEMI 

Scanning  Electronic  Microscopy  (SEM)  (JOEL  JSM-6400)  is  used  to  observe  the 

morphology  of  the  powder,  the  green  body  and  the  sintered  sample.  The  as-received 
powder  and  the  as-prepared  green  body  are  coated  with  Au-Pt  before  SEM  observations. 
The  sintered  sample  is  first  etched  in  1 Owt%  HF  acid  for  1 5 min,  and  then  ultrasonic  is 
used  to  clean  the  sample  surface  for  30  min.  After  coated  with  Au-Pt,  the  sample  surface 
morphology  is  investigated  under  SEM.  Under  SE  mode,  the  Energy  Dispersion  x-ray 
Spectrometer  (EDXS)  is  used  to  detect  the  existing  elements  in  the  sample. 

A.  9-2  X-rav  Diffraction  (XRD) 

X-ray  Diffraction  (XRD)  (Philips  APD3720)  is  used  to  determine  the  phase 
composition  in  the  samples,  where  Cu  (X  = 1.540  and  1.543  A)  is  used  as  anode  of 
x-ray  source.  The  scanning  angle  is  from  10  to  80  degree  and  with  a scanning  speed  of 


3°/min. 
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